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Abstract 
 
Miniaturization of biological analysis is a trend in the field of biotechnology aiming to 
increase resolution and sensitivity in biological assays. Decreasing the reaction volumes to 
analyze fewer analytes in each reaction vessel enables the detection of rare analytes in a vast 
background of more common variants. Droplet microfluidics is a high throughput 
technology for the generation, manipulation and analysis of picoliter scale water droplets an 
in immiscible oil. The capacity for high throughput processing of discrete reaction vessels 
makes droplet microfluidics a valuable tool for miniaturization of biological analysis. 
 
In the first paper, detection methods compatible with droplet microfluidics was expanded 
to include SiNR FET sensors. An integrated droplet microfluidics SiNR FET sensor device 
capable of extracting droplet contents, transferring a train of droplets to the SiNR to 
measure pH was implemented and tested. 
 
Papers II-IV focus on increasing the resolution of biological assays performed in 
microfluidic droplets. In paper II, a workflow was developed for scalable and target flexible 
multiplex droplet PCR using fluorescently color-coded beads for target detection. The 
workflow was verified for concurrent detection of two microorganisms infecting poultry. 
The detection panel were increased to multiple targets in one assay by the use of target 
specific capture probes on color-coded detection beads.   
 
A cells RNA can be used to differentiate cell types and provide biomarkers for cell states. 
For analysis, RNA is reverse transcribed to cDNA, which can be amplified and sequenced. 
Droplet microfluidics has been successfully applied to single cell processing, demonstrated 
in paper III, where reverse transcription was performed on 65000 individually encapsulated 
mammalian cells. cDNA yield was approximately equivalent for reactions performed in 
droplets and in microliter scale. This workflow was further developed in paper IV to 
perform reverse transcription PCR in microfluidic droplets for detection of exosomes based 
on 18S RNA content. The identification of single exosomes based on RNA content can be 
further developed to detect specific RNA biomarkers for disease diagnostics.  
 
Droplet microfluidics has great potential for increasing resolution in biological analysis and 
to become a standard tool in disease diagnostics and clinical research.   
 
 
Keywords: Droplet microfluidics, Reverse transcription, Droplet PCR, High Throughput 
biology, Single cell Analysis, Exosomes 
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Populärvetenskaplig sammanfattning 
 
När man blir sjuk så beror det oftast på att några celler inte beter sig som de ska eller att 
man har blivit infekterad av patogener, främmande celler, som inte hör hemma i kroppen. 
Läkare försöker hitta dessa celler genom att ta prover av exempelvis vävnad, blod eller urin. 
Att diagnosticera en sjukdom på ett tidigt stadium när inga tydliga symptom uppvisats är 
som att leta efter en nål i en höstack av friska celler, där de flesta mätningar visar att det 
bara finns hö i stacken. Om man skulle kunna separera höet så att man kan titta på varje 
strå för sig så hittar man tillslut nålen, eller i mitt fall de sjukdomsorsakande cellerna.  
 
Vi letar igenom stora mängder celler genom att partitionera cellerna i små droppar med 
droppmikrofluidik där varje droppe fungerar som ett avskilt reaktionskärl som kan separat 
manipuleras och analyseras. Med droppmikrofluidik kan man generera miljontals droppar 
på bara några minuter så att mängder av reaktioner kan utföras parallellt. 
 
För att identifiera olika celltyper och celler relaterade till sjukdomar kan man analysera 
deras genetiska material dvs. DNA och RNA. När vi analyserar DNA eller RNA letar vi 
efter specifika sekvenser som fungerar som en markör för en viss patogen eller ett 
sjukdomsförlopp. Signalen från dessa markörer måste förstärkas för att kunna identifieras, 
ofta med en PCR-reaktion som framställer miljoner kopior av samma sekvens. Traditionellt 
så gör man denna typ av reaktioner i plattor med 96 reaktioner per platta. Genom att 
utföra DNA- och RNA-analyser i droppar så kan man utföra ett mycket större antal 
reaktioner vilket motsvarar att analysera en större del av höstacken.  
 
Artiklarna i den här avhandlingen åskådliggör utvecklingen av nya metoder som syftar till 
att utöka vilka analyser som droppmikrofluidik kan användas till. 
 
Vi har dels utvecklat en metod för att amplifiera flera olika DNA markörer i samma prov. 
Denna metod tillämpas för att identifiera skadliga mikroorganismer i DNA-prover från 
tamfåglar. Vi har även utvecklat en metod för att detektera material, kallat exosomer, som 
utsöndras i blod från cancerceller. Exosomer är små avknoppningar från celler som 
innehåller bland annat RNA. Vi hoppas på att kunna vidareutveckla den här tekniken för 
t.ex. cancerdiagnostik genom att identifiera intressanta RNA markörer. 
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Chapter I – Introduction 
 

Miniaturizing biological analysis – aims and advantages 
	
A miniaturizing trend has been evident in the field of biotechnology over the last decades. 
Large flasks have been replaced with 1.5 ml test tubes that were later reduced to microtiter 
plate with 96 wells of 100µl each. When the microtiter plate format was no longer 
sufficient new technologies were developed such as microarrays, where the analytes were 
attached to a surface in small clusters, flow cytometers, which makes it possible to screen 
single cells, and microfluidics, with channel systems on chip to be able to manipulate liquid 
volumes too small to pipette. The decrease in reaction volume ensures that more reactions 
can be performed with the same amount of reagents. Apart from the decreased cost of 
reagents per reaction there are motivations behind this trend of miniaturizing biology. 
 
Research for clinical applications often focus on finding rare targets in a vast background of 
competing biomaterial. A disease state is commonly initiated by a small population of cells 
not behaving in their supposed manner or by a small number of pathogens entering the 
body. This forces clinicians to try to locate and treat the disease-initiating cells in a sea of 
healthy cells. To diagnose a disease samples are acquired from the patient in a biopsy of a 
tissue or a sample of a bodily fluid (e.g. blood, saliva, urine). One illustrative example 
would be circulating tumor cells (CTCs) that are only present in a few cells per milliliter of 
blood but play a major part in the metastasis of cancer.  
 
When only a few cells are affected by a disease the response in a diagnostic assay is often 
weak. If we then add the background signal from all the healthy cells in the body it seems 
almost impossible to identify a disease at an early stage. There are however ways of 
overcoming this obstacle; one is to develop new more sensitive diagnostic assays with 
increased resolution and another is to reduce the background noise from the surrounding 
cells. 
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Figure 1.1 Schematic illustrating the increased resolution gained from digitizing biology. When reducing the reaction 
volume, cells or molecules are partitioned into individual reaction vessels so that rare variants can be identified. 

The decreased reaction volume allows for fewer cells or molecules to be analyzed in the 
same reaction vessel, which would allow us increased resolution to identify rare events that 
otherwise would be hidden in the background of more common variants (Figure 1.1). 
Digitizing biology by analyzing one cell or molecule at a time, gives a binary read-out with 
healthy vs. unhealthy cells and by determining the ratio between them could indicate the 
severity of the disease and potentially predict outcome. This will reduce the background 
signal from healthy cells but it will also yield a majority of negative reactions, not 
containing a disease cell, increasing the need for methods with the potential to run many 
reactions in short period of time. A technique with the potential for single molecule 
analysis at high throughput is droplet microfluidics, which will be the focus of this thesis.  
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Chapter II – Droplet Microfluidics 
 

Lab-on-a-chip and Microfluidics 
	
The idea of Lab-on-a-chip technology (LoC) is to fit the actions performed in a macro scale 
lab onto a micro scale chip format. Important benefits of using LoC technology rather than 
conventional methods are the decreased reaction volumes and with that decreased cost per 
reaction and increased resolution and sensitivity [1]. The properties of micro scale fluidics, 
such as laminar flow in micro sized channels [2][3], allows for precise control over 
concentrations of molecules. The need to manipulate small volumes in order to mix, 
incubate and analyze different reactions has driven the technical development of 
microfluidic research to create different functionalities such as valves and micro pumps 
[4][5].  
 
Microfluidics has become a vast field of different technologies over the last couple of 
decades. This thesis will focus on applications utilizing droplet microfluidics, which will be 
further introduced in the following chapter.  
 

Droplet Microfluidics 

Introduction 
Droplet microfluidics is a technology where monodisperse water droplets are generated and 
processed in a continuous phase of immiscible oil and stabilized by a surfactant. The 
droplets are in the size range from femtoliters to a nanoliters and can be generated at kHz 
frequencies [6]. Microfluidic droplets can be regarded as discrete reaction vessels 
comparable to a test tube with the advantage of automated handling in number of unit 
operations, which in turn can be assembled to build workflows that mimic assays 
performed at the macroscale. Depending on the content of the water phase, different 
particles or analytes can be encapsulated in droplets to perform a variety of biochemical 
assays at high throughput [7]. The monodispersity of the microfluidic droplets allows for 
quantitative analysis and comparisons between droplets in the same assay.  
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Stability and biocompatibility 
One key feature that makes droplet microfluidics such a powerful and versatile tool is the 
stability of the generated droplets. This is achieved by adding a surfactant molecule to the 
continuous oil phase. Surfactant molecules are amphiphilic, where different parts of the 
molecule have an affinity to one of the two immiscible phases, water or oil. Surfactants 
partition to the interphase between the continuous and dispersed phase creating a layer 
surrounding each droplet with the hydrophobic tail in the oil and the hydrophilic head in 
the water phase [8][9] (Figure 2.1).  
 

                               
Figure 2.1 Schematic of surfactant molecules. Surfactant molecules consists of a hydrophilic head, that will partition to 
the water phase inside the droplet, and one or more hydrophobic tails, which will partition to the surrounding liquid. 
Surfactant molecules will therefore form a layer surrounding each droplet. 

When surfactants accumulate at the water/oil interface surface tension is decreased which 
stabilizes the droplets and prevent them from merging [8]. The stability of the emulsion 
increases with higher surfactant concentration until the critical micelle concentration 
(CMC) of the surfactant is reached [10]. Merging of droplets is further prevented by the 
steric repulsion of surfactant molecules as well as the Marangoni effect which prevents the 
depletion of surfactant molecules in the continuous phase between two droplets [8]. 
Oswald ripening is another effect to consider which drives smaller droplets to merge with 
larger droplets, due to their lower Laplace pressure, and would then form a polydisperse 
emulsion [11]. To prevent this, one has to select a continuous phase in which the dispersed 
phase is not soluble [10][12]. Therefore when designing experiments one has to consider 
which combination of oil and surfactant to use. 
 
In droplet microfluidics the continuous oil phase is most commonly either a hydrocarbon 
or fluorinated oil. Hydrocarbon oils have the limitation that hydrophobic compounds can 
partition into the oil phase. These are therefore mainly used together with hydrophilic 
molecules such as DNA [13]. Fluorinated oils, such as 3Ms Novec HFE-7500 and 
Fluorinert FC-40, are the most commonly used oils in droplet microfluidics applications 
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due to the fact that most organic compounds are insoluble in them and thus will remain 
inside the droplet [8]. One surfactant that can be used to stabilize water droplets in 
fluorinated oils is the Krytox-based surfactant presented by Holtze et al. [9]. This surfactant 
is a non-ionic fluorosurfactant and a block copolymer with a PFPE chain as hydrophobic 
tail and a PEG molecule as a hydrophilic head. Another example is the EA surfactant 
produced by RainDance Technologies that is used in many droplet microfluidic 
applications [14][15].  
 
Detergents such as Tween, SDS and Triton are also examples of commercially available 
surfactants and are in many applications added to the aqueous phase to increase droplet 
stability and to ensure particle separation prior to droplet formation [8]. 
 
As early as the 1980s, cells were shown to grow at the interface between water and 
fluorinated oils [16]. Biocompatibility is an important requirement for performing 
biochemical reactions inside microfluidic droplets. This implies that the droplet interface 
should not significantly interfere with the droplet content. A good basic measure of 
biocompatibility is the ability to cultivate cells in microfluidic droplets. This has been 
demonstrated for bacteria [17][18], yeast [9], mammalian cells [19][20] and even entire 
microorganisms such as C. Elegans [21].  
 

Unit operations 
Over the past two decades a variety of methods for droplet manipulation have been 
developed to create a toolbox from which customized protocols can be assembled. This 
toolbox consists of microfluidic circuits for precise liquid handling, which are often 
implemented as PDMS (polydiemthylsiloxane) channel systems bonded to a glass slide. By 
creating different channel geometries and by adding specific features such as electrodes, the 
liquid’s movement can be controlled for specific operations. 

Droplet generation 
There are two main methods used to form micro droplets.  The first type is performed in a 
microfluidic chip with controlled liquid flows to generate monodisperse droplets. The 
second method uses macro scale shaking to induce droplet formation in an oil and water 
mixture [22]. Emulsions generated by shaking are polydisperse with a wide range of droplet 
sizes but with the advantage that the droplet formation can be performed in minutes for a 
wide range of sample volumes. In this thesis, droplets produced using the microfluidic 
chip-based approach is used exclusively, and referred to as microfluidic droplets. 
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Figure 2.2 Schematic illustration of different modes for droplet generation in microfluidic devices. Droplet generation 
can occur in two different flow regimes; A1) dripping and A2) jetting, where jetting generates smaller droplets. The 
different designs are A) a flow focusing device B) a T-junction device and C) a capillary device. 

Microfluidic droplet formation can be induced by different techniques with the 
commonality that droplet size is dependent on the nozzle dimensions, flow rates and 
surface tension between the two liquid phases [23]. Droplet generation can be performed 
in three channel geometries: flow focusing, cross-flowing (T-junction) and co-flowing 
(capillary) (figure 2.2). Each channel geometry has two different flow regimes where 
droplets are generated either by dripping or jetting [24] where the jetting regime will 
generate much smaller droplets than dripping. By utilizing a T-junction geometry, droplet 
generation with a size diversity of 3 % in diameter have been achieved [23]. Different 
water-phase components can be combined on-chip before droplet generation using devices 
with dual aqueous injection inlets (Figure 2.3). 

Particle encapsulation 
Particle encapsulation in droplets is generally a random event where the average particle 
occupancy is dependent on the concentration of particles in the dispersed phase prior to 
droplet generation. The generated population of droplets will have a Poisson distributed 
particle occupancy [17][19]. 
 

𝑓 𝑘, 𝜆 =
𝜆!𝑒!!

𝑘!
 

 
Where 𝑓 𝑘, 𝜆  is the fraction of droplets containing 𝑘 cells and 𝜆 is the average number of 
cells/droplet. For example if 𝜆 = 0.1 then 90% of all droplets will be empty, 9% will 
contain 1 particle and less than 0.5% will contain more than 1 particle. Particle 
concentrations in this range are used for single molecule and single cell studies where a high 
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degree of single occupancy and low double occupancy is necessary. With a droplet 
generation frequency of 10kHz, 1000 cells can be individually encapsulated per second at 𝜆 
= 0.1. This demonstrates the high throughput capacity of droplet microfluidics and why it 
is such an attractive tool for single cell heterogeneity studies where large populations of cells 
are to be screened. 
 

         
Figure 2.3 Schematic illustration of the droplet unit operations; generation, dual-flow generation with two water inlets, 
droplet incubation on-chip, splitting, fusion, picoinjection and droplet sorting. Black thick lines illustrate on-chip 
electrodes.  

Incubation 
Many biochemical reactions require an incubation step where samples are exposed to a 
specific environment for a set time. For this purpose it is a necessity that microfluidic 
droplets can be stored while preserving a stable emulsion (Figure 2.3). Factors to consider 
while incubating droplets are liquid evaporation and instability at an air interface, due to 
the chemical structure of the surfactant [8]. Depending on the time interval and sample 
size, the incubation can be performed either on- or off-chip. On-chip approaches are 
usually utilized for shorter incubation periods and smaller emulsion volumes and include 
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long [25] or wide channels [26]. These strategies entail the issue that different droplets 
travel through the channels at different speed based on the velocity difference over a 
microfluidic channel [3], which leads to vastly different incubation times for different 
droplets in a population incubated under flow in a channel substantially wider than the 
droplet diameter. One solution to this problem was realized by including constrictions of 
narrower and shallower parts to allow a randomization of the droplet positions in the 
channel, which reduced the variability of incubation times for different droplets [26]. The 
constrictions also allow the possibility to probe droplets one-by-one for real-time detection 
[27]. On-chip incubation is also advantageous for continuous analysis of individual 
droplets where droplets are either immobilized by stopping the flow in the channels using 
valves [28] or are captured in traps and imaged over a long period of time [29]. To avoid 
evaporation the chip can be saturated with and submerged in water during the process 
[30].  
 
Off chip incubation is best suited for larger sample volumes and requires that the emulsion 
be transferred to an external vessel that is sealed to prevent contact with air. The most 
common approach used is to store the emulsion in a glass or plastic syringe. Such syringes 
are easily connected to the microfluidic setup [14]. A second approach is to collect the 
emulsion in a PCR tube sealed with a PDMS plug to prevent an emulsion-air interface. 
This is advantageous for applications including multiple thermal incubation steps where 
the emulsion is collected in a PCR tube that can be fitted in a conventional thermocycler 
[31][32]. For off-chip incubation of enzymatic reactions active at room temperature, the 
time required for collection and reinjection before analysis has to be considered since this 
could generate a diversity in a droplet population due differences in incubation time. 

Splitting 
Microfluidic droplets can be split passively by introducing a junction in the device’s 
channel system (Figure 2.3). The channels’ hydrodynamic resistance after the junction 
determines the relative volume of the split droplets [33]. This feature has e.g. been applied 
in an assay to reduce the droplet size prior to PCR amplification [34]. 

Fusion 
In many applications, adding new reagents is a necessary operation. One method to do this 
is by controllably fusing droplets together (Figure 2.3). Droplet fusion can be controlled by 
electrocoalescence where the surfactant interface is temporarily destabilized by applying an 
electric field over the microfluidic channel [35]. For fusion to occur, the two droplets must 
be in contact as they pass through the electric field. Droplet synchronization can be 
achieved by using droplets of different sizes. In pressure driven flow the smaller droplet will 
travel faster through the channel and catch up with the larger droplet [36]. A widening of 
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the channel, to form a small chamber, is a more frequently used method, where the slower 
flow in the wider channel detains the first droplet enough that the second droplet catches 
up and merges as they enter the electric field [37]. Droplets can also be fused passively 
without an electric field as demonstrated by Pekin et al. where a winding channel was used 
to add PCR reagents to droplets [31]. Common to all droplet fusion applications are the 
need for the droplets to be organized in a microfluidic channel in an alternating pattern 
along the channel. By matching the driving flows of the two droplet populations and 
combining them in a T-junction this synchronization can be achieved [34]. 
 

        
Figure 2.4 Micrographs of the droplet unit operations a) picoinjection and b) droplet sorting. Reprinted with permission 
from ref [38] and ref [39], respectively. 

Picoinjection  
An alternative technique for adding reagents to droplets is picoinjection, which was first 
introduced by Abate et al. in 2010 [39]. In picoinjection every droplet is individually 
injected with a precise volume from a continuous aqueous phase inlet (Figure 2.4). This 
unit operation is used to add reagents to droplets without the need to synchronize the 
delivery rate of droplets from two emulsions as required in droplet fusion. To perform 
picoinjection, additional oil is added to evenly space and separate the droplets in a 
microfluidic channel. The reagents to be injected into the droplets are then introduced 
through a T-junction with a narrow nozzle. As an electric field is applied over the 
intersection, the droplet’s surfactant layer is momentarily destabilized, and the flow of the 
injected reagents merge with the droplets as they pass by. The time it takes the droplet to 
pass by the intersection, as well as the flow rate of the reagents to be injected into the 
droplets determines the volume injected into each droplet. By varying the flow rates of the 
injected reagents, the continuous oil phase and the emulsion the volume injected into each 
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droplet can be precisely controlled [39].  Further examples of applications utilizing 
picoinjection has been demonstrated for example to study enzyme kinetics [27] and to add 
reverse transcription reagents prior to a reverse transcription-PCR [40]. 

Sorting 
In addition to droplet fusion and picoinjection where an electric field is used to destabilize 
droplets, electric fields can also be used to move droplets by dielectrophoresis. The aqueous 
liquid in the droplets have a higher relative permittivity than the surrounding continuous 
oil and will be pulled towards the direction of increasing gradient of the electric field [41]. 
A microfluidic device for droplet sorting has two or more possible outlets where the default 
outlet has a lower hydrodynamic resistance so that all droplets will go to the default outlet 
unless the electric field is applied (Figure 2.4). As the electric field is activated the droplets 
will be displaced and exit through the non-default outlet [42]. 
 
Fluorescently activated droplet sorting (FADS) was first introduced by Baret et al. in 2009 
[41]. In FADS the droplet’s fluorescence intensity is used to trigger the electric field which 
actuates droplet sorting. Labview FPGA code was implemented such that if the fluorescent 
signal from a droplet exceeded a set threshold the electric field would be turned on and the 
droplet was sorted. The advantage of FADS over the more commonly known fluorescently 
activated cell sorting (FACS) [43] is the possibility to enrich based on the properties of the 
entire droplet volume, not just a single cell or particle. This provides the opportunity to 
sort based on a secreted enzyme [14] or a reaction performed inside the droplet, such as a 
PCR amplification of genetic material [32]. Sorting of droplets into different classes by 
using fluorescent intensity intervals instead of a single threshold has also been 
demonstrated [44]. 
 
Size-based droplet sorting is an alternative method to FADS and can be achieved with 
deterministic lateral displacement (DLD) in a tilted pillar array. Droplets of different sizes 
will have different streamlines through the pillar array where droplets with a diameter 
below a critical diameter flow straight whereas larger droplets follow the tilt angle of the 
array and can be collected from a different outlet [45]. 
 

Different detection methods 
Analysis of droplet microfluidic assays can be performed either by breaking the emulsion 
and performing the analysis in bulk or by keeping the droplets intact to analyze each 
droplet individually. By performing the analysis in bulk, conventional detection methods 
can more easily be coupled to the workflow. However, when breaking the emulsion the 
benefits of increased resolution during detection is often lost.  
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To perform the analysis on intact droplets, several detection methods have been modified 
to ensure compatibility with the lab-on-a-chip format. By far the most commonly used 
analysis method for droplet microfluidics is fluorescence detection since it is compatible 
with high throughput analysis. Laser induced fluorescence is suitable for on-line detection 
where droplets are illuminated with a laser and the emitted fluorescent light is collected by 
a photomultiplier tube (PMT) [27]. Fluorescence microscopy has also been used for 
detection of immobilized droplets either side-by-side on a glass slide [46] or in droplet 
traps [29].  Fluorescent analysis requires that a fluorescent molecule be coupled to the 
object or reaction one wish to detect. This could be achieved by labeling particles, such as 
cells, inside droplets or by having free fluorophores spread throughout the droplet [6]. 
 
There are alternative detection methods successfully coupled with droplet microfluidics, 
many of which have the advantage of label free detection. Raman spectroscopy is based on 
measuring vibrations and rotations in molecular bonds upon interactions with photons, so 
called Raman scattering, to characterize molecular compositions. Applications presented 
with droplet microfluidic based assays with Raman spectroscopy readout are e.g. polymer 
conversion during photo polymerization of monomers [47] and lipid production in algae 
[48].  
 
Mass spectrometry has also been coupled to droplet microfluidics either by immobilizing 
droplets in a matrix for Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 
(MALDI-MS) [49] or by directly ionizing the droplet content on-chip by electrospray 
ionization through a “spyhole” in the microfluidic channel [50]. 
 
A change in electrical properties inside a droplet has also been used as a feature for 
detection. Live cells can be detected inside droplets in a label-free fashion by measuring the 
change in impedance between two electrodes compared to an empty droplet [51]. Droplet 
content has also been analyzed with capacitance measurements where droplets with 
different ethanol concentration and therefore different relative permittivity could be 
distinguished [52]. 

Nanowires for label free detection 
As described in the previous section, several label-free detection methods have been 
developed as an alternative to fluorescence analysis, which requires that a fluorescent 
identifier be coupled to the reaction. Another approach to label-free detection is by using 
electrochemical biosensors such as Silicon Nanowire Field Effect Transistors (SiNW FET). 
Field Effect Transistors (FETs) are potentiometric sensors with a structure including a 
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source, a drain and a gate where the conductance in the channel between the source and 
the drain is controlled by the voltage applied at the gate. In a bio sensing SiNW FET the 
source and the drain are separated from the gate by an isolating layer and the source and 
the drain are connected through a nanowire, located at the bottom of a microfluidic 
channel where the sample liquid will be injected (Figure 2.5). Analytes in the sample liquid 
that interact with the nanowire will alter the surface potential and with that the 
conductance of the nanowire and this will function as an additional gate voltage [53]. 
These sensors have great appeal due to their high surface-to-volume ratio and their small 
size that offers measurements with high sensitivity and the interaction of only a few 
analytes will induce a change in conductance in the entire structure regardless of where on 
the nanowire they bind [54][55].  
 

                 
 
Figure 2.5 Schematic of a SiNW FET sensor. The silicon gate is separated from the gold-coted source and drain by an 
isolating silicon oxide layer. The source and the drain are connected through the silicon nanowire, which is in contact 
with the sample liquid in the microfluidic channel. A constant voltage is applied at the drain and the sample liquid in 
the microfluidic channel will affect the conductance of the nanowire.  

pH-changes in the sample liquid induces protonation or deprotonation on the nanowire 
surface that will alter the conductance in the nanowire [53]. Biological reactions that cause 
a pH shift that have been analyzed using SiNW FET are e.g. an enzyme-linked 
immunosorbent assay (ELISA) [56] and an assay to analyze enzyme-substrate interactions 
to determine enzyme kinetics [57].  
 

Device fabrication 
The microfluidic devices used for the experiments in this thesis was fabricated by soft 
lithography. Soft lithography is a technique where a master mold is created with the inverse 
pattern of the desired channel system. A polymeric material is poured onto the master and 
cured. The cured polymer can then be peeled of and bound to a flat surface to seal the 
channels (Figure 2.6). This is a rapid prototyping technique where a new design can be 
fabricated in under a week and a large number of devices can be cast on the same master. 
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In addition, the technique do not require a clean room setting after the master has been 
produced.  
 
A number of different polymers with different properties and curing mechanisms, such as 
heat or UV-light, can be used for soft lithography. The microfluidic devices used for the 
projects presented in this thesis as well as many other microfluidic applications were made 
out of polydimethylsiloxane (PDMS). PDMS is an elastomer that can be molded to create 
geometries at a micrometer scale. After curing with heat, these structures can be peeled off 
the silicon master without deforming the pattern. The material is non-toxic to mammalian 
cells, gas permeable and optically transparent which enables a variety of biological assays 
and detection methods [58]. Another advantage of using PDMS is that it can be 
irreversibly bonded to e.g. itself, glass, silicon and polystyrene by oxidizing both materials 
with oxygen plasma treatment. 
 
   

 
 
Figure 2.6 Schematic illustration on soft lithography fabrication of a microfluidic device. a) a negative photo resist is 
spin coated onto a silicon wafer which is b) illuminated with UV-light through a mask with the desired channel pattern. 
c) The wafer is put in developing liquid to remove the uncured photo resist and d) is then hard baked in an oven to 
complete the master, which now has the inverse pattern of the desired channel design. e) PDMS is cured on top of the 
silicon master before being peeled of and f) holes are cut for inlets and outlets.  g) The PDMS slab is then bonded to a 
glass slide using oxygen plasma treatment. h) The channels are surface treated and electrodes are created. i) Finished 
device.  
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To manufacture a device with soft lithography (Figure 2.6) the channel design is initially 
drawn in CAD software and printed in a high-resolution printer to create a mask with 
transparent parts for the desired design [59]. A photoresist is then spin-coated on a silicon 
wafer to the thickness corresponding to the device depth. A commonly used photoresist is 
SU-8 which cures when exposed to UV-light [60]. The wafer is subsequently illuminated 
with UV-light through the printed mask to achieve the desired pattern. Developing liquid 
washes away the uncured photoresist and the result is a silicon wafer with the inverse 
channel design in cured photoresist that can be used for molding devices multiple times. 
To create multiplayer devices, with different channel depths or design features at different 
topographical levels, this procedure can be repeated with multiple masks [4]. 
 
To perform rapid prototyping a polymeric material, e.g. PDMS, is cured on top of the 
silicon master and subsequently peeled off. This creates a negative impression of the silicon 
master in the polymer and forms the channel structure. Inlets and outlets to the channels 
can be cut using a biopsy needle to get holes with precise diameters. To seal the channel 
system, the polymeric device is bonded to a glass slide by oxygen plasma treatment.  As the 
two plasma activated surfaces are pressed together covalent siloxane bonds are formed 
which will irreversibly bind the materials together [61]. To prevent wetting, where the 
aqueous phase adheres to the channel walls, the device is surface treated with e.g. Aquapel 
(PPG Industries) to make the PDMS surface more hydrophobic and fluorophilic. For 
applications requiring active manipulations with electric field, electrodes can be added to 
the chip. Channels are then included in the device design, which are later filled with a 
conductive material, either a low melting point solder, that solidify in the channels, or a 
high salt solution [62]. These are then in turn connected to a voltage source to create the 
electric field. 
 
Polymeric devices manufactured by soft lithography are a good choice in research 
laboratories where production is performed at small scale and where rapid prototyping is 
essential. For larger scale commercial productions more favorable techniques are hot 
embossing of plastics or chemical etching in glass.  
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Chapter III - Transcriptome and genome analysis 

Introduction 
The central dogma of biology describes the flow of information within a cell where 
deoxyribonucleic acid (DNA) is transcribed into ribonucleic acid (RNA) and translated 
into proteins [63]. These three categories of molecules together form the basis of cellular 
life. In this thesis the focus will be on analysis of the first two; DNA and RNA. 
 

DNA 
DNA is the building blocks of the genetic code. This macromolecule is arranged as two 
chains coiling around each other [64] where each chain is constructed out of a backbone of 
deoxyribose sugars with four different nucleotide bases; adenine (A), thymine (T), cytosine 
(C) and guanine (G). These nucleotides form distinct pairs of A and T and C and G, 
respectively, that links the two chains together so that one strand of the DNA molecule is 
complementary to the other. The human genome is organized into 2 sets of 23 
chromosomes, which taken together holds over 3 billion nucleotide bases. The sequence of 
the nucleotides holds the information that translates into specific proteins. The genome is 
divided into genes, which are traditionally defined as a specific region of the genome that is 
translated into a protein. As our understanding of the genome and its transcription expands 
this definition is likely to be modified since protein coding regions on the genome has been 
proven to overlap and the resulting protein differ depending on post-transcriptional 
modifications of the RNA [65].  
 

RNA 
The function of RNA is to mediate the genetic information from DNA to the rest of the 
cell. The structural difference of RNA compared to DNA is that it contains ribose sugars in 
its backbone instead of deoxyribose and the nucleotide thymidine (T) is replaced by uracil 
(U). RNA molecules are mainly single stranded but commonly forms secondary structures. 
There are different classes of RNA molecules divided based on their function in the cell. 
Ribosomal RNA (rRNA) is the most abundant RNA in the cell and is involved in protein 
synthesis. Messenger RNA (mRNA), also called protein-coding RNA, functions as a 
template for protein synthesis. Transfer RNA (tRNA) recruits amino acids for the protein 
synthesis. There are several other classes of RNA that are involved in signaling, regulation 



Droplet Microfluidics reverse transcription and PCR towards Single Cell and Exosome Analysis 
	

	28	

of transcription and translation or RNA modifications e.g. small nuclear RNA (snRNA), 
long non-coding RNA (lncRNA), microRNA (miRNA) and small interfering RNA 
(siRNA). 
 
The RNA content of a cell is called the transcriptome and in comparison to DNA, where 
the content is overall the same in most cells in an organism, the transcriptome is much 
more dynamic. The level of different transcripts varies over time and in different cell types. 
Following translation the RNA molecule can be spliced at different positions. Depending 
on the splicing and other post-transcriptional modifications, different functional mRNA 
molecules are formed [65]. RNA molecules are usually present in a cell in multiple copies, 
but one quarter of all mRNAs are not present at all in a specific cell type or present in one 
single copy at any given time [66].  
 

Mutations 
Although the major part of the genetic code is the same for all humans, there are variations 
between individuals [67]. These variants can be present in the form of single nucleotide 
variants (SNV), larger structural variations (SV) or copy number variations (CNV). Not all 
of these variations give rise to a phenotypic change e.g. 100 genes have been presented that 
could be completely deleted without any apparent phenotypic affect on the individual [68]. 
Some mutations will enhance that individual, other mutations give rise to or increase the 
likelihood of disease or other deleterious effects. If we can find the mutations that are 
related to a disease we can use them as biomarkers to diagnose and to predict therapeutic 
response in patients [69]. Identifying such mutations will also add to the knowledge of 
these diseases and help in the development of treatments. To study genetic molecules there 
are several techniques that have been developed. A description of some of these techniques 
will be presented below. 
 

Reverse transcription 
Compared to DNA, RNA is a rather unstable molecule. To analyze the transcriptome, 
RNA is therefore often reverse transcribed back to complimentary DNA (cDNA), which 
can be amplified and sequenced. The first evidence that RNA could be transferred back to 
DNA was published in 1970s when it was demonstrated that an enzyme in RNA viruses 
could synthesize DNA from an RNA template, as a part of the virus’ replication [70][71]. 
This enzyme was later isolated and used in vitro together with short DNA primer sequences 
of poly(dT)s to target mRNA transcripts [72][73]. The reverse transcription reaction 
generates an RNA-DNA complex that can be made into double stranded DNA by first 
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digesting the RNA strand with RNase H, followed by the application of a DNA 
polymerase to form the second DNA strand. The double stranded cDNA can then 
processed using standard DNA analysis methods. Reverse transcription can also be 
performed with target specific primers to target specific RNAs or with random primers to 
cover the entire transcriptome. 
 

PCR  
Polymerase Chain Reaction (PCR) is a critical technology in molecular biology since it 
enables the amplification of specific DNA segments from a few copies to millions of copies. 
The DNA sequence to be amplified is defined by primer sequences, which are designed to 
be complimentary to the beginning and end of the DNA target. After the primer anneals to 
the DNA strand a heat stable DNA polymerase extends a complimentary strand from the 
3’ to the 5’ end. The reaction is cycled through temperature steps to initiate DNA 
denaturation, primer annealing and DNA extension. The amplification reaction is 
exponential since the number of templates is doubled after each cycle. 
 
A PCR reaction can be coupled with reverse transcription to make a reverse transcription 
PCR (RT-PCR) using RNA as starting material. This can either be performed as a two-step 
reaction, where the reactions are performed one after the other or as a one-step reaction 
where all reagents are added at the same time. A one-step reaction is at risk of lower 
amplification efficiency but no starting material is lost in the transfer from one reaction to 
the next. 
 
Visualization of PCR product during the amplification has also become a valuable tool 
termed real-time PCR. There are several techniques used to track the amplification 
reaction, one is to utilize a quenched fluorescent dye that bind to the amplified double 
stranded DNA and then becomes fluorescent, examples of such dyes are SYBR Green or 
EvaGreen. Another technique is to use a TaqMan probe, which is a short DNA fragment 
with a hybridized quenched fluorophore. The probe anneals to the DNA strand and as the 
DNA polymerase elongates the DNA strand it hydrolyzes the probe and releases the 
fluorophore. A third option is to have fluorescent molecules attached to the PCR primers, 
making the PCR product fluorescent [74].  
 
To approximate a quantitative measurement of the amplified PCR product a dilution series 
of known DNA concentrations, a standard series, is included in the experiment as a 
reference. This approach is called quantitative PCR (qPCR) where the real-time 
amplification of samples with unknown concentrations are compared to the standard series 
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by the number of PCR cycles it takes for the reaction to reach a set fluorescence intensity 
value. The number of cycles required to reach the set fluorescent intensity is referred to as 
the cycle threshold (Ct) for that sample.  
 
PCR can be performed in multiplex reactions where several DNA targets are amplified in 
the same vessel. Each individual target has its own primer pair to select the desired target 
region and for real-time PCR the different targets are detected using fluorophores that 
fluoresce in different wavelengths. However, multiplex PCR reactions require carefully 
designed primers and extensive optimization to ensure that each target is specifically 
amplified with equal efficiency. A 5-plex assay using different fluorophores to distinguish 
the targets have been demonstrated [75]. The number of targets that can be distinguished 
by fluorescence are however limited mainly due to spectral overlap in the selected 
fluorophores. 
 

Digital PCR 
A method to more accurately quantify the number of DNA and RNA molecules is by 
digital PCR where the starting material is diluted so that each reaction vessel contains 
maximum one template molecule. The ratios between PCR positive and negative reactions 
give a quantitative measurement of the number of targets in the sample. This technique 
was initially performed in microtiter plates of 96- or 384-wells [76], which required a vast 
amount of PCR reagents and substantial hands-on-time. Decreasing the reaction volume 
and automating the process by performing digital PCR in nano- to picoliter-sized 
microfluidic droplets reduces both the volume of reagents needed and the hands-on time. 
This technology has been made available as several commercial instrument have been 
developed for the application [77], which will be further presented later in this chapter. 
 
Commercial systems are also available for well-based digital PCR. The QuantaStudio 3D 
Digital PCR system from ThermoFisher Scientific uses devices with 20 000 nano-scaled 
wells each for digital PCR [78]. Fluidigm also has a chamber-based system, Biomark HD, 
and offer different device design with varying numbers of reaction chambers. The fluid 
handling is automated with different number of assay and sample inlets to be combined in 
the reaction wells, depending on the device. The maximum number of reaction wells on 
such a device is 9216 with 96 assay and sample inlets each [79]. 
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Alternative DNA amplification techniques 
There are several other established DNA amplification techniques but none of them are as 
extensively used as PCR. There are however drawbacks to PCR such as the need for a 
thermocycler, amplification bias towards commonly present targets and the fact that early 
amplification errors will be accumulated during amplification. Isothermal amplifications 
techniques e.g. Rolling Circle Amplification (RCA), Multiple Displacement Amplification 
(MDA) and Loop-mediated isothermal amplification (LAMP) are alternatives to PCR and 
have the advantage of not requiring a thermocycler. Instead of using heat to denature DNA 
these techniques uses polymerases with strand displacing activity. 
 
RCA uses a circular DNA template and a strand displacing polymerase so that a long single 
stranded DNA product is generated with the repeated sequence complimentary to the 
target DNA [80].  
 
MDA is an amplification technique often used for whole genome amplification (WGA) 
where random hexamer primers are used together with a strand displacing DNA 
polymerase. The hexamers anneal to the target DNA and as the DNA polymerase elongates 
the DNA strand it also displaces the two strands allowing new primers to anneal. This form 
of amplification generates a hyper-branched DNA network with a very low error rate due 
to the proof reading capabilities of the often used Phi 29 DNA polymerase [81]. MDA has 
also been performed in microfluidic droplets [82][83]. 
 
In a LAMP reaction, 4 primers are designed to specifically select 6 regions in the target 
sequence, which makes for a highly specific target selection.	 LAMP requires extensive 
primer design but once specific primers have been created it has a short assay time [84]. 
This technique has also been performed in microfluidic droplets [85].  
 

Sequencing  
Sequencing of DNA is the reading of the genetic code and has been a rapidly advancing 
technology with great clinical potential. There are several commercial instruments with 
different fragment read length, amount of data output, error rate and run time. Illumina is 
the dominant provider on the sequencing market with several commercial instruments 
from the MiniSeq with a maximum output of 7.5 Gb to the HiSeq X with a maximum 
output of 1800 Gb per run, both with a maximum read length of 2x150 bp per DNA 
molecule [86]. For Illumina sequencing the DNA has to be fragmented into pieces to 
accommodate the short read length. Some alternative methods to avoid fragmenting the 
DNA have been developed for long single molecule sequencing such as Pacbio sequencing 
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with an average read length of 10 000 bp [87] and Oxford Nanopore sequencing with a 
read length of up to 1 million bp. Nanopore sequencing also have the advantage of not 
requiring pre PCR amplification [88]. However, both Pacbio and Oxford Nanopore 
sequencing suffer from higher error rates than Illumina.    
	

Transcriptome/genome analysis in microfluidic droplets  
Droplet microfluidics is a technology with the potential for nucleic acid analysis with 
increased resolution and throughput, which are qualities that are highly sought-after in 
clinical research. Several conventional methods have been adapted to a droplet microfluidic 
format where some critical features has to be to considered to succeed, such as droplet 
stability during heat incubations and droplet manipulations as well as the lack of a method 
to wash the droplet content. For this reason the developed methods have to take care in the 
handling of the emulsion as well as be mindful of everything that is included in the 
reaction, as it will remain in the droplet and potentially effect downstream protocol steps. 
In the following section a selection of applications of nucleic acid analysis performed in 
microfluidic droplets will be presented. 
 

Droplet PCR 
During the development of droplet PCR the amplification was performed either in a 
microfluidic chip where the droplets were immobilized and placed on a temperature 
cycling hot plate [89][46] or by having the droplets move in a microfluidic channel that 
transported the droplets between different thermal zones to induce the shift in temperature 
[25]. Both of these approaches are limited in the number of droplets that can be processed 
in parallel and has largely been replaced by methods where the droplets are collected in a 
vessel off the chip and subsequently incubated in a standard thermocycler [31][90].  
 
The partitioning of targets into individual droplets is a key feature that ensures increased 
sensitivity and decreased PCR bias in droplet PCR. This was demonstrated in an assay 
where mutated DNA was detected in a vast background of wild type DNA. In this assay 
genomic DNA, compartmentalized in picoliter droplets together with PCR reagents and 
two types of TaqMan probes specific to mutated or wild type target coupled to different 
fluorophores. The DNA molecules were at low enough concentration that the majority of 
the droplets contained one or no target. After PCR amplification the droplets were dark or 
fluorescent in green, red or both green and red, indicating no target, mutated KRAS target, 
wild type KRAS target or both mutated and wild type, respectively (Figure 2.1). Mutated 
targets were detected at ratios as low as 1 mutated to 200 000 wild type KRAS genes [31]. 
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This assay was later modified to detect 7 common mutations in KRAS oncogene from 
circulating tumor DNA in a two-panel assay of either 4 or 5 targets per assay. The different 
targets were distinguished by the use of two different fluorophores and by varying the 
concentration of TaqMan probe added to the reaction so that droplets with different 
targets would have different fluorescent intensity [91]. The approach to multiplex droplet 
PCR assay by varying the TaqMan probe concentration for different targets has also been 
demonstrated [92]. 
 

 
Figure 2.1. PCR in microfluidic droplets for detection of mutated and wild type KRAS genes using target specific 
TaqMan probes hybridized with a NED or 6-FAM fluorophores, respectively. Droplets containing a) wild-type DNA or 
b) mutated DNA generates a red and green fluorescent signal, respectively after PCR amplification. In c) a mixture of 
mutated and wild type DNA were encapsulated in microfluidic droplets inducing either red or green droplets depending 
on target content. Yellow droplets correspond to double target occupancy of both wild type and mutated DNA. Image 
reprinted from [31] with permission from The Royal Society of Chemistry. 

An alternative approach for multiplex PCR readout is to use a flow cytometer. The 
amplified PCR products can be labeled with different fluorophores, to identify the different 
targets, and attached to agarose beads using target specific probes [93][94].  
 
To be able to perform further analysis on the content of a droplet with a target of interest 
the droplet PCR can be coupled to fluorescently activated droplet sorting (FADS) [41]. 
The droplets with increased fluorescence intensity after PCR amplification can be sorted to 
a separate outlet by dielectrophoresis (see droplet sorting in chapter 2). The selected 
droplets are enriched for the target of interest and can then be further analyzed by e.g 
sequencing [32]. 
 
The droplet PCR technology is making its way into clinical research. The previously 
mentioned assay to detect 7 common KRAS mutations was performed on clinical plasma 
samples to detect circulating tumor DNA [91]. Droplet PCR has also been applied for 
sensitive detection of rare mutations in the SETBP1 gene to determine poor prognosis in 
juvenile myelomonocytic leukemia [95]. 
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Droplet RT-PCR 
Droplet microfluidics can also be used to analyze RNA by including a reverse transcription. 
Similarly to the PCR case, RT-PCR amplification in microfluidic droplets was initially 
demonstrated on chip with immobilized droplets on a thermal plate and a fluorescent 
readout to detect droplets initially containing an RNA target molecules [28]. An RT-PCR 
reaction was also used to illustrate the potential of including picoinjection in a workflow 
[40]. In this protocol droplets where generated with target RNA and PCR-reagents. The 
RT-reagents were later picoinjected into all droplets to demonstrate that only the droplets 
where RT-reagents had been added gave an increased fluorescent signal.  

Commercial products for droplet digital PCR   
Several commercial instruments have been released to perform droplet digital PCR 
(ddPCR). These commercial instruments are built for laboratory use by clinicians without 
an engineering background.  
 
Bio Rad offers a ddPCR instrument in two parts. The first is a droplet generator where 8 
samples of 20µl reaction mix each is loaded into a cartridge and partitioned into 
approximately 20 000 nanoliter-sized droplets. The emulsion is transferred into a PCR 
tube to be processed in a standard thermocycler. The second step is a droplet reader, which 
analyses the amplified PCR product in the droplets by measuring fluorescence. The droplet 
reader can analyze two fluorescent channels optimized for FAM and HEX or VIC [96][97]. 
 
RainDance Technologies takes a similar approach to Bio Rad with a two-part instrument 
called RainDrop. The sample of 25-50µl is generated into 5-10 million droplets of 
approximately 5 pl each which gives RainDrop a higher resolution and target throughput 
compared to Bio Rad. The emulsion is processed in a standard thermocycler and the 
droplet analyzing part of the instrument is optimized for two fluorescent channels [98]. 

 

Sequencing and droplet microfluidics  
 
There have been attempts to sequence DNA molecules in microfluidic droplets [99]. The 
main effect that droplet microfluidics have had on sequencing thus far was achieved when 
including droplet PCR in the workflow for pre-amplification in library preparations. 
Droplet PCR has a reduced amplification bias and allows for a more even amplification 
over different targets compared to a standard PCR.  Amplification by droplet PCR before 
sequencing has been demonstrated to generate a more uniform coverage for targeted 
sequencing as well as a higher variant detection [100]. The same effect has been 
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demonstrated where WGA performed with MDA in microfluidic droplets achieves a more 
even amplification and that the species distribution was better preserved compared to 
reactions performed in bulk [83].  
 
For Illumina sequencing, the DNA has to be fragmented, due to increases in error rate 
when sequencing long reads. However, when sample DNA is fragmented, the complete 
sequence of each individual molecule is lost. Droplet PCR has been used for barcoding 
DNA prior to sequencing so that the sequence of fragmented long DNA templates are 
more accurately reassembled (figure 2.2). An assay was developed where long DNA targets 
are encapsulated and amplified in droplets prior to fragmentation in droplets. Droplets 
containing fragmented DNA were then merged with droplets containing unique DNA 
barcodes and in a second droplet PCR the barcodes were attached to the fragmented DNA. 
After sequencing the sequence of each DNA molecule could be reassembled to its entirety 
by the use of the barcodes [101].  
 
There is also a commercially available instrument from 10X Genomics that utilizes 
microfluidic droplets to barcode long molecules before sequencing, which allows for 
haplotype calling [102].  
 

 
Figure 2.2. Droplet microfluidics for single molecule deep sequencing. Long DNA templates are encapsulated into 
microfluidic droplets and amplified by PCR before fragmentation. These droplets are then individually merged with 
droplets containing unique DNA barcode, which are attached to the fragmented DNA in a second PCR step. The 
content of all droplets are then sequenced before clustering the acquired data using the barcodes to reassembling the 
sequence of the initial DNA templates. Reprinted from ref [101] licensed under Creative Commons Attribution 4.0.  
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Single cell analysis 
Traditional methods for DNA and RNA analysis require more starting material than what 
can be extracted from a single cell. Analysis is therefore performed on large samples 
containing hundreds to thousands of cells.  This will only represent the average cell since 
when a large number of cells are analyzed together in the same reaction, the majority often 
obscures the effects of low abundant cell types. As analysis techniques have become more 
sensitive, fewer cells are needed as starting material to achieve a measurable signal until 
analysis can be performed on a single cell level.   
 
Essentially all cells in an organism share the same genotype, but different cell types will 
have diverse gene expression [103]. Finding these rare cell types or variants has increasing 
diagnostic relevance and single cell gene expression analysis has become a powerful tool to 
distinguish different subpopulations [104]. The diversity in a cell population is referred to 
as its heterogeneity. A tissue contains many different cell types, tumor tissues have been 
demonstrated to contain heterogeneous cell populations [105] and blood in metastatic 
cancer patients can contain circulating tumor cells [106]. Even clonal populations of 
bacteria will express differences in phenotype [107].  
 

High throughput screening methods for single cell analysis 
In the pursuit to identify rare cell variants, there is often a need to divide cells into different 
reaction vessels prior to analysis. The number of cells that needs to be screened to give a 
true representation of a cell population depends on the diversity of each population, a 
characteristic which is hard to predict beforehand. The method used for detailed single cell 
analysis must therefore have the capability to analyze cells at high throughput, meaning it 
should be possible to process many reactions in a short period of time.  
 
To access the RNA or DNA in a cell it often has to be lysed. It is therefore essential that 
the material from different cells are kept separate when performing analysis on the nucleic 
acid content of single cells. Previously single cell gene expression analysis has mainly been 
performed at low throughput of 10-100 cells. In the next section a few techniques for 
single cell gene expression analysis with increasing throughput will be presented.  

Microtiter plates and microwell devices  
In early single cell gene expression analysis assays the cells where physically separated in 
individual reaction tubes or wells in microtiter. The method for isolation was based on 
picking individual cells by mouth pipetting, glass capillaries or laser-assisted 
microdissection, all of which are highly time consuming techniques and requires high 
precision [103]. To accommodate a higher number of cells in the same assay the reaction 



Lovisa Söderberg 

	 37	

vessels where decreased to micrometer-sized wells on slides which could contain hundreds 
to thousands such wells [108].   
 
A commercial microwell-based system for automated single cell genomics processing is the 
C1 from Fluidigm. It performs automatic loading of up to 800 cells per device that ensures 
that only a single cell is loaded into each well. The C1 then proceeds with cell lysis, wash 
steps, reverse transcription and PCR amplification and can be used for sequencing library 
preparations [109][110].  
 
Microwell devices have also been used to barcode the transcriptome of 10 000 single cells 
by randomly partitioning the cells into microwells together with barcoded beads. The 
beads where coupled to oligos containing a cell label, unique for each bead, a molecular 
index, unique for each oligo and an oligo(dT) tail. The cells where lysed before performing 
reverse transcription of the mRNA molecules and the cDNA product was captured on the 
beads using the oligo(dT) tail. The barcoded transcriptomes could then be further analyzed 
by sequencing [111].  
 
Cells can also be actively sorted into different wells by Fluorescent Activated Cell Sorting 
(FACS), which is a high throughput tool for single cell analysis based on detection of size 
and expressed proteins [43]. Cells are engineered to display fluorescent surface proteins or 
labeled with specific antibodies coupled to fluorophores to achieve detection sensitive 
enough to detect a single target cell among millions [112].  
 

Single cell analysis in microfluidic droplets 
Microfluidic droplets have great potential for single cell gene expression analysis due to the 
high throughput of the technology and since the content of each cell will be contained 
within the droplet even after cell lysis. The picoliter scale reaction volume in microfluidic 
droplets has however presented an obstacle for PCR assays on single cells since cell lysate at 
high concentrations acts as an inhibitor for PCR amplification [113][114]. Eastburn et al. 
overcame this obstacle and performed RT-PCR on 50 000 single cells by splitting off a 
large part of the droplet after cell lysis and merging the remaining part of the droplet with a 
water droplet, to decrease the concentration of cell lysate, before adding the RT-PCR 
reagents by picoinjection (Figure 2.3)[90]. This enabled a successful PCR amplification but 
the analysis is limited to a small part of the cell content and it is likely that many rare 
transcripts were lost in the process. This assay was later coupled with droplet sorting for 
PCR-activated enrichment of target cells for further downstream analysis [115]. 
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Figure 2.3. Ultrahigh-Throughput RT-PCR in Microfluidic droplets of 50 000 single mammalian cells. The device 
design is illustrated in image a-c the following images show the different step of the workflow where d) cells are 
encapsulated in droplets together with lysis buffer. After cell lysis e) the droplets are reinjected on-chip and f) paired with 
a water droplet before g) merging under the influence of an electric field. h) A large part of the droplets is split of, to 
ensure droplet stability during the downstream PCR amplification, before i) RT-PCR reagents are picoinjected into each 
droplet. Reprinted with permission from [90]. Copyright (2013) American Chemical Society. 

Droplet microfluidics has also been used to generate hydrogel beads to encapsulate single 
cells. The cells were lysed within the bead, which was functionalized with primers to 
capture target specific mRNA molecules. The capturing of the mRNA targets allows for 
washing of the beads to remove cell debris that could interfere with down-stream reactions. 
Next, reverse transcription was performed of the target mRNA molecules prior to 
amplification with RCA. The RCA products can be counted to acquire the number of 
transcribed targets in the cell [116].  
 
Barcoding of single cells before sequencing ensures a way to keep the content from each cell 
intact. Different methods have been demonstrated to prepare barcoded-sequencing libraries 
for high throughput single cell RNA-sequencing (Figure 2.4). The barcodes for both 
techniques contain a cell-tag for each droplet as well as a unique molecular identifier 
(UMI) to be able to count the number of barcoded molecules. These workflows have the 
capacity to process thousands of cells per assay but are limited by the sequencing cost for 
deep sequencing [117][118]. The method to barcode single cells in microfluidic droplets 
before sequencing has lead to two commercialized systems by 10X Genomics [119] and 
Illumina-BioRad [120]. 
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Figure 2.4. Two methods for barcoding single cells in microfluidic droplets for high throughput RNA-sequencing. For 
barcoding of single cells either a) DNA-barcoded microparticles or b) hydrogel beads containing barcoded primers are 
used. The barcodes are attached to the mRNA by reverse transcription before library preparation and sequencing. Image 
reprinted with permission from the respective publishers [117][118].  

	

Exosome analysis 
Over the last few years a new research field have emerged focusing on small extracellular 
vesicles (EV) released from cells. Their definition is still evolving but currently these 
vesicles are divided into micro vesicles (MV) and exosomes based by their origin in the cell. 
Micro vesicles are in the size range of 100-1000 nm in diameter and are released by 
budding from the cytoplasmic membrane. In contrast, exosomes are in the size of 40-
150nm and are released from the cells when a multivesicular endosomes (MVE) fuse with 
the cytoplasmic membrane to release their vesicle content from the cells instead of merging 
with a lysosome for degradation [121][122].  
 
The function of exosomes is not yet clearly known but they have been demonstrated to 
participate in cell-to-cell signaling as they are transferred between cells and influence the 
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behavior of the receiving cell [123]. The content of exosomes reflects the origin cell and 
can consist of proteins as well as RNA and genomic DNA [124]. It is not yet known if 
there is a structured packing mechanism influencing what content goes into exosomes but 
some molecules have been seen to be at elevated levels compared to their originating cells 
[121][125]. It has also been demonstrated that the contents of exosomes can influence the 
behavior of the receiving cell since the mRNA content in the exosomes can be translated 
into proteins [126]. Exosomes released from cancer cells have also been seen to induce 
metastatic behavior and spread cancer [123][127].  
 
Exosomes can be released from many different cell types and have been found in a number 
of bodily fluids such as blood, urine, saliva, semen, breast milk and cerebrospinal fluid 
[121]. The blood of a normal human is estimated to contain around 2×1015 exosomes 
[122] and this number can be significantly increased in cancer patients [128][129]. There 
have also been approaches to use exosomes isolated from liquid biopsies in disease 
diagnostics [129]. Since exosomes are being released from all cell types, both from healthy 
and disease tissues, diagnostics based on exosomes extracted from bodily fluids contains a 
heterogeneous sample of multiple types of exosomes. For cancer diagnostics the use of 
liquid biopsies will provide a sample containing information on the heterogeneity in the 
tumor that could not be provided by a single needle biopsies [122]. So for the same reasons 
to perform single cell gene expression analysis, exosome should also be analyzed on a single 
vesicle level so that different and rare types of exosomes can be identified. 
 
The exosome vesicles are too small (<150nm) to be analyzed with a standard flow 
cytometer so single exosome analysis has so far been limited to imaging with light 
scattering or electron microscope. The exosomes can instead be separated into different 
reaction vessels by dilution.  
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Chapter IV - Present investigation 
	
The aim of the research included in this thesis was to expand the detection mechanisms, 
number of detectable targets and the samples targeted in gene expression analysis to single 
cells and exosomes in droplet microfluidics 
 
In paper I a new label-free detection method is developed where droplet microfluidics is 
coupled to a Nanoribbon FET sensor for pH sensing. The next three papers are focused on 
developing droplet microfluidic applications towards increased resolution in nucleic acid 
and single cell analysis.  
 
In paper II we demonstrate the use of fluorescence barcoded beads for multiplex detection 
of nucleic acid targets in microfluidic droplets with a scalable approach using an easily 
exchangeable target panel.  
 
Paper III focuses on increasing the processing throughput of single cells for reverse 
transcription by performing the reaction in individual microfluidic droplets. The droplet 
format enables thousands of cells to be processed in parallel and keep the resulting cDNA 
from individual cells in separate reaction vessels.  
 
In paper IV reverse transcription is coupled with a PCR amplification to amplify RNA 
biomarkers from single exosomes. This enables exosome detection based on RNA content 
rather than surface biomarkers. 
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Paper I: Integration of a Droplet-Based Microfluidic System and Silicon 
Nanoribbon FET Sensor 
	
Droplet microfluidics have long been dependent on fluorescence detection for analysis. In 
many applications fluorescence detection is beneficial since it allows for single droplet 
measurements at high throughput. However it does require that the reaction output is 
fluorescent to enable readout. In this project we have investigated an alternative label-free 
detection approach by integrating a droplet device with a Silicon Nanoribbon Field Effect 
Transistor (SiNR FET) sensor [53][54]. 
  

                       
Figure 4.1 Schematic of the integrated device consisting of a droplet microfluidic module for droplet injection and 
droplet extraction to a continuous water phase connected with a second microfluidic part with a SiNR FET sensor.  

An SiNR FET is an electrochemical sensor that measures changes in the surface potential of 
the nanoribbon. The Nanoribbon’s oxide layer is affected by the proton concentration in 
the surrounding liquid as protonation/deprotonation reactions occur at the surface and 
changes the conductivity of the Nanoribbon. The conductivity of the Nanoribbon could 
therefore be used to determine pH in the surrounding liquid. 
 

 
Figure 4.2 a) Image of droplets extraction to a continuous water phase. b) Schematic of the droplets extraction module. 
The droplet content is illustrated in blue, the oil phase in yellow and the continuous water phase in white. 
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We designed a microfluidic device that allows for pH measurement of microfluidic droplet 
content. The device consists of three parts; a droplet injection part, a droplet extraction 
part and the sensing SiNR FET (Figure 4.1). The droplet extraction part has the function 
of transferring droplets from the oil phase to a continuous water phase for sensing with 
SiNR FETs (Figure 4.2).  The oil phase must be removed prior to sensing since it 
otherwise will function as an insulator covering the sensor. This functional module could 
also be used as a stand-alone microfluidic module to extract droplets containing materials 
such as beads or cells. Droplet extraction occurs at a channel juncture where an interface 
between the oil and continuous water phase is formed. By applying an electric field across 
the channel, droplets are transferred from the oil phase to the water phase, which is then 
passed to the SiNR FET sensor. The electric field is applied in 20 second pulses actuating 
the extraction of a train of approximately 6000 droplets which are subsequently combined 
to a single measurement by the SiNR FET. The conductivity of the wire is affected by the 
shift in pH induced by the addition of the droplet contents to the continuous water phase. 

  
Figure 4.3 a) Detection of droplets with different pH by measuring the current passing through the nanoribbon. The 
electric field is applied in 20 s pulses, during which droplets are transferred to the continuous water phase, and as the 
droplet content reaches the sensor the current in the SiNR FET sensor decreases. When the droplets content has passed the 
sensor, the current returns to the baseline. Three consecutive droplet transfers are performed for pH 9 followed by three 
droplet transfers with pH 6. In b) pH measurements of droplets with different pH measured in the same device on two 
different days are presented. 

In this proof-of-concept project we were able to differentiate between droplet populations 
containing buffers with one pH-units difference for pH 6, 7, 8 and 9 (Figure 4.3). In 
future applications this device could be used to analyze reactions performed in droplets that 
induce a pH-shift such as loop-mediated isothermal amplification (LAMP) or as a glucose 
sensor where an enzymatic reaction oxidizes glucose releasing hydrogen peroxide. The 
developed device also allows for several measurements of the same sample, using multiple 
wires in series, which is difficult to achieve by fluorescent measurements. 
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Paper II: Multiple pathogen biomarker detection using an encoded 
bead array in droplet PCR 
 
In paper II, a technique is presented to increase the capabilities of fluorescent readout in 
microfluidic droplets to detect multiple targets using fluorescently barcoded Luminex 
beads. In droplet PCR, it is possible to perform multiplex reactions to amplify several 
targets in the same assay by designing sequence specific PCR primers for each target. 
Multiplex PCR assays then requires extensive optimization to ensure specific and unbiased 
amplification of all targets. To detect multiple targets with fluorescent readout, sequence 
specific probes coupled to different fluorophores are also included in the assay to generate a 
reporter signal for the amplification of each individual target. However, the number of 
distinguishable fluorophores is limited by spectral overlap and therefore limits the number 
of detectable targets in the same assay. An alternative approach to multiplex detection in 
droplet PCR is to couple target specific capture probes to beads [93][94]. In this paper we 
present a novel detection strategy for droplet PCR were we use commercially available 
fluorescently barcoded Luminex beads available in 500 color-coded bead sets which can be 
individually distinguished. In our assay, the target DNA is initially amplified by droplet 
PCR with fluorescent primers followed by target hybridization to sequence specific capture 
probes coupled to a uniquely barcoded Luminex bead set for each target. The specific 
capture probe on each bead together with the fluorophore on the hybridized target and the 
spectral signature of the Luminex bead ensure specific target detection. The Luminex bead 
array allows for a scalable assay with a flexible detection panel requiring limited 
optimization for each additional target compared to a convectional multiplex PCR.   
 
Rapid and sensitive detection strategies are not only needed for human diseases but also in 
the food industry to ensure proper food safety. We therefore verified the developed 
workflow by detecting nucleic acid biomarkers for three common poultry pathogens: avian 
influenza virus (AIV), infectious laryngotracheitis virus (ILTV) and Campylobacter jejuni.  
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Figure 4.4 Schematic of the workflow where pathogen target DNA was encapsulated in droplets together with PCR 
reagents and fluorescent primers and collected in a PCR tube before thermocycling. Lambda exonuclease solution and 
maximum 1 detection bead/droplet, with target specific capture probes, was picoinjected into each droplet. The detection 
beads were recovered before analysis in a Luminex instrument to detect beads with attached target. Reprint from [130] 
with permission from Elsevier. 

The workflow (Figure 4.4) was initially validated for each target individually. The nucleic 
acid targets were partitioned at a concentration of approximately 1 target/droplet together 
with PCR reagents and primers before collection in a PCR tube sealed with a PDMS plug. 
The emulsion was thermocycled for target amplification and subsequently re-injected onto 
a microfluidic chip where a lambda exonuclease and detection bead/droplet were 
picoinjected into each droplet. The lambda exonuclease treatment is necessary to ensure the 
availability of single stranded targets that can hybridize to the detection beads. The 
detection beads were then recovered and analyzed in a Luminex instrument. The 
classification of positive beads, with hybridized target, was based on the fluorescent reporter 
signal from non-target detection beads where a threshold was set to include 5% of non-
target beads with the highest fluorescent signal, to allow comparisons between experiments. 
The results of the hybridization assay with 1 target/droplet on average are presented in 
histograms showing the number of beads with different fluorescent intensities for each bead 
set (Figure 4.5). 67%, 80% and 60% of the beads were classified as positive for the AIV, 
ILTV and Campylobacter jejuni target respectively, which demonstrates high assay 
specificity.  
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Figure 4.5 Histograms showing the hybridization assay signal of detection beads analyzed with a Luminex instrument. 
The percentage of positive detection beads reached with an average concentration of 1 target/droplet for each experiments 
was a) 67.2% for AIV, b) 80% for ILTV and c) 60.5% for Campylobacter jejuni. Reprint from [130] with permission 
from Elsevier. 

The workflow was further extended to include three different bead sets for concurrent 
detection of two of the targets (Figure 4.6a). A mixture of AIV and ILTV target DNA, at a 
concentration of 0.5 and 5 targets/droplet respectively, was mixed on chip with three 
serially injected aqueous plugs, containing PCR reagents and detection beads for AIV, 
ILTV and Campylobacter jejuni target respectively, immediately prior to droplet 
encapsulation. After target amplification, a lambda exonuclease solution was picoinjected 
into each droplet to ensure the availability of single stranded DNA target. The 
Campylobacter jejuni detection beads were used as a reference for signal normalization 
following the same thresholding scheme applied for singleplex target detection. 20,8% and 
98,7 % of the AIV and ILTV detection beads respectively, were classified as positive which 
proves that dual targets can be detected in the same assay with the developed readout 
strategy (Figure 4.6b). 
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Figure 4.6 a) A schematic of the workflow for concurrent detection of two targets in one assay. A solution containing the 
AIV and ILTV DNA targets was injected and mixed on chip with three separate aqueous plugs, containing target-
specific PCR primers and detection beads for one target each (AIV, ILTV or Campylobacter jejuni), before encapsulation 
in droplets. The emulsion was collected in a PCR-tube and thermocycled before lambda exonuclease solution was 
picoinjected into each droplet. The detection beads were recovered and analyzed in a Luminex instrument. B) Histogram 
of the hybridization signal from the recovered detection beads. The AIV and ILTV targets were encapsulated at an 
average concentration of 0.5 and 5 targets/droplets, respectively. The percentage of positive detection beads for the two 
targets shows this trend with 20.8% for AIV and 98.7% for ILTV. Reprint from [130] with permission from Elsevier. 

	
In this paper we have developed a detection strategy for droplet PCR utilizing a color-
coded suspension bead array for a potentially scalable assay due to the use of Luminex 
beads that are available with 500 different spectral signatures. Since droplet PCR is 
performed in multiple singleplex reactions, the detection panel can be more easily 
exchanged due to the limited optimization needed compared to a conventional multiplex 
PCR assay. 
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Paper III: Parallel cDNA synthesis from thousands of individually 
encapsulated cancer cells – towards large scale single cell gene 
expression analysis 
 
Droplet Microfluidics is a highly advantageous technique to use for single cell analysis due 
to the fact that cells can be individually compartmentalized into picoliter-sized reaction 
vessels at high throughput. Because of the extremely high throughput, large cell 
populations can be screened and the contents of each cell can be kept together after lysis. 
This advantage was explored in paper III where reverse transcription was performed on the 
RNA of 65 000 individually encapsulated mammalian cells.  
 

 
Figure 4.7 Schematic illustration of the workflow for reverse transcription performed on single mammalian cells 
encapsulated in individual microfluidic droplets. Cells were compartmentalized in microfluidic droplets together with 
reverse transcription reagent and random hexamer primers. The emulsion was than collected and incubated at 65°C for 
10 min for heat lysis and 50°C for 50 min for reverse transcription of the RNA released from the lysed cells. The 
resulting cDNA yield was analyzed using qPCR. Reprint from [131] with permission from the chemical and Biological 
Microsystem society (CBMS).  

In the presented workflow (Figure 4.7) A549 mammalian lung cancer cells are 
encapsulated in microfluidic droplets (Figure 4.8a) together with reverse transcription 
reagents and subsequently collected in a syringe. The cells were lysed during a 10 min 
incubation at 65°C. Cell lysis was verified by Calecin AM/Ethidium Homodimer live/dead 
staining, after which the  
reverse transcription occurred during an incubation for 50 min at 50°C. The heat 
incubation of 65°C is enough to lyse the cells without substantially affecting the 
performance of the 
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Figure 4.8 A) Picture of single cell encapsulation during droplet generation in a flow focusing microfluidic device. B) 
qPCR data presenting the starting cDNA concentration after reverse transcription of RNA from mammalian cells in two 
replicates performed in microfluidic droplets, D1 and D2, a control performed in bulk, Bulk, and a negative control, 
NC, without and cells present. Reprint from [131] with permission from the chemical and Biological Microsystem society 
(CBMS).  

reverse transcriptase enzyme. The emulsion was subsequently broken and qPCR was 
performed on the droplet contents targeting the B2M, a housekeeping gene, to determine 
the resulting cDNA yield. 
 
Reverse transcription in microfluidic droplets was performed in two replicates and 
compared to a control reaction performed at microliter scale (labeled Bulk) with the same 
amount of cells as starting material as wells as a negative control without any cells (Figure 
4.8b).  We could demonstrate that the reverse transcription performed in microfluidic 
droplets gave a similar or slightly higher yield than when performed in microliter scale 
reactions.  
 
Reverse transcription in microfluidic droplets has later been included in a number of 
applications, including single cell RT-PCR [90] and single cell RNA sequencing 
[117][118]. This method was also further developed to perform RT-PCR on single 
exosomes presented in paper IV. 
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Paper IV: Detection of single exosomes in microfluidic droplets by RT-
PCR amplification of 18S RNA content 
 
Single cell analysis is performed to resolve sample heterogeneity and to distinguish different 
cell types and rare variants in a sample. In the same manner as cells have different 
properties so does vesicles, such as exosomes, released from these cells. Exosomes are small 
(40-150nm) extracellular vesicles released from cells and are involved in cell-to-cell 
signaling. These vesicles share some characteristics with their origin cell and can contain 
proteins, RNA as well as DNA [121][122]. It has been demonstrated that the content of 
exosomes can influence the behavior of a receiving cell [126] as well as promote metastatic 
behavior in cancer [125][123]. Exosome research has lately become a field of interest due 
to the diagnostic potential of exosomes and the possibility to isolate them from bodily 
fluids (e.g. blood or saliva) in minimally invasive procedures.  
 

       
 
Figure 4.9 Schematic illustration of the workflow for droplet microfluidic RT-PCR for single exosome detection based on 
RNA content. The exosomes are encapsulated in microfluidic droplets together with proteinase K and collected in a 
modified PCR-tube. The emulsion is incubated to allow proteinase K digestion of the exosomes before heat inactivation 
of the proteinase. RT-PCR reagents together with EvaGreen DNA dye are then picoinjected into each droplet 
individually before collection in a second modified PCR-tube for thermocycling. The droplets are finally collected as a 
monolayer in an imaging device before analysis with fluorescent microscopy.  

In paper IV we demonstrate a workflow for detection of exosomes based on their 18S RNA 
content (Figure 4.9). To access the RNA content of the exosomes without mixing the 
content of different exosomes, the exosomes are first individually encapsulated in 
microfluidic droplets together with proteinase K, which degrades proteins in the exosome, 
which disrupts the membrane. After heat inactivation of the proteinase K, RT-PCR 
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reagents together with 18S specific PCR primers and EvaGreen DNA dye are picoinjected 
into each droplet. The emulsion is collected in a PCR-tube and thermocycled before being 
reinjected into an imaging device to immobilize the droplets for fluorescence imaging. 
Droplets that initially contained and exosome will have increased fluorescence intensity, 
due to the PCR amplified DNA product, and are detected using Icy, open source bioimage 
informatics software, for automated imaging analysis.  
 

                           
Figure 4.10 Fluorescence images showing RT-PCR product stained with EvaGreen DNA dye in microfluidic droplets on 
samples with decreasing exosome concentrations as follows a) undiluted sample, b) 5-fold dilution, c) 25-fold dilution 
and d) negative control without exosomes.  

The workflow was validated by performing the reaction on 5-fold serially diluted exosome 
samples. We demonstrate that the number of PCR-positive droplets decrease with lower 
exosome concentration (Figure 4.10). A negative control without exosomes was also 
included and a few bright droplets can be seen in the negative control, most likely due to 
contamination. A substantial difference in number of fluorescent droplets is observed 
between the negative controls and the lowest exosome concentration sample.  
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Figure 4.11 Exosome concentrations calculated from droplet-based RT-PCR on 5-fold serially diluted exosome samples 
in two replicates. The concentration of particles per ml was determined by the number of PCR-positive droplets with the 
assumption that target occupancy in droplets follows Poisson distribution.  A logarithmic trend line is applied for each 
replicate. 

Since exosome encapsulation is considered a random event, which at a population level can 
be described by the Poisson distribution, the number of exosomes can be estimated by the 
fraction of PCR-positive droplets. We performed the assay on a 5-fold serially diluted 
exosome sample in two replicates and by applying Poisson statistics the number of 
exosomes per unit volume was calculated (Figure 4.11). With this we demonstrate that we 
can rank the samples based on their exosome concentration.  
 
The presented workflow is the first step towards a high throughput method for nucleic acid 
analysis of single exosomes isolated from liquid biopsies. This method could be developed 
for diagnostic purposes to detect RNA biomarkers related to diseases such as cancer. The 
quantitative measurement is also highly relevant due to the fact that the number of released 
exosomes has been shown to increase in cancer patients [128][129]. 
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Conclusion and future perspectives  
 
Droplet microfluidics is a versatile high throughput technology with several droplet unit 
operations that can be assembled into complex workflows. The papers presented in this 
thesis aims to expand the capabilities of droplet microfluidics and to increase the resolution 
of biological analysis.  
 
In paper I a novel detection method is presented based on the integration of droplet 
microfluidics and SiNR FET sensors. The integration of the two techniques adds to the 
possible detection methods of droplet microfluidics, which in this case allows for pH 
sensing of droplet contents. The device created could be used to analyze assays that induce 
a pH-shift, such as a LAMP amplification of DNA. Functionalization of the Nanowire 
could expand the range of detection even further e.g. detection of specific DNA 
hybridization.  
 
In paper II a method is developed with the potential to multiplex droplet PCR using 
fluorescence barcoded beads. Instead of identifying the different targets with fluorophores 
each target is captured on fluorescence barcoded Luminex beads, available in 500 
distinguishable bead sets, to increase the number of targets detected in a single assay. The 
workflow was demonstrated for concurrent detection of two microorganisms infecting 
poultry. The method is scalable, to allow detection of many more targets in the same assay, 
and the workflow is designed so that the targets in the detection panel are easily 
exchangeable.  
 
In paper III a workflow for single cell reverse transcription in microfluidic droplets was 
developed and demonstrated for 65 000 individually processed mammalian cells. The 
droplet format ensures the resulting cDNA from each single cell is kept separate for further 
analysis or processing. This method was expanded in paper IV were we perform RT-PCR 
from single exosomes in microfluidic droplets to detect exosomes based on their respective 
RNA content. In paper IV we demonstrated a workflow to determine exosome 
concentration by detection of 18S RNA, a highly prevalent target. The workflow developed 
could also be applied to more specific RNA targets for e.g. cancer diagnostics. 
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Droplet microfluidics has proven to be a great addition to technologies that are used for 
miniaturization of biological analysis to increase resolution and sensitivity. Several different 
companies have released commercial instruments based on droplet technology during the 
last couple of years e.g. BioRad, RainDance Technologies and 10x Genomics. This 
development proves the commercial potential of droplet microfluidics. The 
commercialization of the droplet microfluidics has made it more accessible and a 
technology, previously restricted to usage by highly specialized engineers, is now being 
made available in clinics. As a result, an increasing number of clinical applications are being 
presented based on droplet microfluidics technology. In the future I believe that this 
development will continue the research trend of single cell and vesicle analysis to identify 
rare biological events. With the advent of commercial solutions I further believe that 
droplet microfluidics will become a standard tool in disease diagnostics.  
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Abbreviations 
 
CNV  Copy number variations 
DNA  Deoxyribonucleic acid 
dPCR  Droplet PCR 
ddPCR Droplet digital PCR 
EV  Extracellular vesicles 
FACS  Fluorescence-activated cell sorting 
FADS  Fluorescence-activated droplet sorting 
FET  Field Effect Transistors 
LAMP  Loop-mediated isothermal amplification 
LoC  Lab-on-a-chip 
MDA  Multiple displacement amplification 
mRNA  Messenger RNA 
MV  Micro vesicles 
MVE  Multivesicular endosomes 
PCR  Polymerase chain reaction 
PDMS  Polydimethylsiloxane 
PMT  Photomultiplier tube 
qPCR  Quantitative PCR 
RCA  Rolling Circle Amplification 
RNA  Ribonucleic acid 
RNA-seq RNA sequencing 
rRNA  Ribosomal RNA 
RT-PCR Reverse transcription PCR 
SiNW FET Silicon Nanowire Field Effect Transistor 
SNV  Single nucleotide variants 
SV  Structural variations 
WGA  Whole genome amplification 
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