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Introduction 
Droplet emulsions have led to various high-throughput biological and chemical 
experiments. The droplet emulsion technique divides bulk reactions into droplets with 
micro- to picolitre liquids in volume. The technique allows researcher to perform massive 
parallelization without performing tedious work. It requires at least two immiscible 
liquids, such as water and oil. By adding a surfactant to the liquids, droplets will stay in 
their proper form without coalescing to each other. Droplets can be generated by using 
a microfluidic chip and a vortexing method. These methods generate droplets in different 
sizes, resulting in homogeneous and heterogeneous sizes, respectively. Furthermore, 
droplet emulsions have improved existing methods: the digital droplet polymerase chain 
reaction (ddPCR), high-throughput drug screening, molecular detection, etc. Even though 
the method is robust, it demands sophisticated setups and equipment, and a custom 
analytical pipeline. 

Imaging is one of the most used techniques in scientific laboratories, including for 
analyzing droplets. Image acquisition is usually performed using brightfield or 
fluorescence microscopy, where droplets are observed and captured in the form of 
image data. This data then needs to be processed using image analysis software by 
calculating the pixels that are captured in the image acquisition process. A pixel is the 
smallest unit of image data which represents the bit-depth (color information) of the 
captured object. Pixel manipulation can be performed in image analysis software to find 
the expected object(s); in this case, the objects are droplets in two-dimensional pixel 
arrays. Using image analysis software, objects can be determined and measured, 
including to determine droplets and objects of interest which are encapsulated during 
droplet generation. The objects which have been studied ranging from genetic materials 
(e.g., DNA and RNA) to microorganisms (bacteria, microalgae, yeasts, etc.). Though 
imaging is a common method to retrieve data from experimental results using droplet 
emulsions, detection requires sophisticated pipelines and often demands programming 
skills. Yet, this part is not described clearly in published articles. Therefore, this analytical 
part also creates more obstacles for new researchers or other users who are interested 
in performing high-throughput experiments using droplet emulsions, especially for users 
with no image analysis background. 

There are different types of user-friendly software available online. Unfortunately, 
each type of software requires pipeline construction with module exploration, in which 
the user needs to adjust the modules and make them suitable for their experiments. 
Based on these problems, analytical tools for droplet-based experiments become 
important, especially when a new researcher or user does not have the time or resources 
for a steep learning curve of pipeline development for detecting droplets.  

In this thesis, there are four important aims covering 1) the exploration of a droplet 
detection platform for different droplet experiments, 2) the search for a suitable 
platform for droplet classification, 3) the simplification of data analysis from droplet 
array images, and 4) the development of user-friendly analytical pipelines for droplet 
experiments in different scenarios. Each of the goals involves important steps in which 
the user does not need to engage in complex exploration to detect droplets or objects of 
interest. Moreover, full workflows were added and could be used to analyze droplets 
after acquiring image data.  
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1 LITERATURE OVERVIEW 
Droplet emulsion has become a powerful tool for performing high-throughput 
experiments and to make it possible to reduce the amount of experimental reaction.  
By using imaging, a droplet-based experiment can also be performed in scientific 
laboratories which have microscopes. However, analyzing droplets in image data often 
requires bioimage analysts or individuals with programming backgrounds. Even though 
image analysis was developed decades ago, there have been a limited number of studies 
that involve providing pipelines for analyzing droplet image data. 

1.1 Droplet emulsion 
Droplet emulsion can be used to divide bulk experiments into micro to nano liter 
droplets. Droplet emulsion can be generated only by using two or more immiscible liquids 
which cannot be mixed or dissolve into each other, e.g., water-in-oil or oil-in-water (Binks 
& Lumsdon, 2000). A surfactant is usually added to help the formation of emulsion.  
It contains both hydrophobic (water-repelling) and hydrophilic (water-attracting) surfaces 
(Baret, 2012). The surfactant plays important roles in droplet emulsion generation: 
stabilizing the interface of the droplet (K. Xu et al., 2017), controlling the droplet size 
(Fernandez et al., 2004), reducing shear force between droplets (Assadi et al., 2012), etc. 
Moreover, droplet emulsion can be generated using a simple method, such as vortexing 
or manual shake, and by using a microfluidics setup (Byrnes, Chang, et al., 2018). 
 

 
Figure 1. Droplet generation can be performed via vortexing and a microfluidics chip to produce 
polydisperse and monodisperse droplets, respectively. 

1.1.1 Polydisperse droplets by vortexing 
The generation of droplet emulsions can be performed by using the vortexing method or 
manual shake (Devenish et al., 2013). The vigorous mixing of two or more immiscible 
liquids leads to droplet formation without the need for sophisticated setups. This method 
has been used to accommodate high-throughput experiments, e.g., a cell-free biological 
reaction and ribozyme selection (Agresti et al., 2005; Tawfik & Griffiths, 1998). However, 
this method generates a large variety of droplet sizes. Even though the droplets may vary 
in size, polydisperse droplets do not require sophisticated setups for their generation. 

Polydisperse droplets are still rarely used due to their irregularity in size and 
randomness. However, some researchers have used polydisperse droplets to perform 
high-throughput experiments. For instance, Byrnes et al. (Byrnes, Chang, et al., 2018) 
have used the method to perform a digital droplet polymerase chain reaction (ddPCR) 
without using sophisticated tools. They also validated their methods by providing a 
statistical framework which can be used to assess randomness and irregular size 
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distribution (Byrnes, Phillips, et al., 2018). In a recent study, polydisperse droplets were 
used to develop the amplification-free detection of viral DNA and RNA (Xue et al., 2023). 
The method also was utilized to perform an immunoassay (a digital droplet immunoassay 
– ddIA) experiment for disease identification and monitoring (Byrnes et al., 2020). 
Although this method does not require sophisticated setups, the droplet analysis 
requires more attention. For example, an experiment by Chen et al. (Chen et al., 2022) 
used polydisperse droplets to perform loop-mediated isothermal amplification (LAMP), 
which required an image analysis with a scripted program to detect and analyze the 
droplets (Figure 2). 

 

 
 

Figure 2. Polydisperse droplets can be generated by vortexing immiscible liquids in a microtube. 
The example above shows the utilization of polydisperse droplets for isothermal amplification and 
requires a less sophisticated setup. Reproduce from Chen et al., (2022) under the Creative Commons 
CC-BY. 

1.1.2 Droplet generation using a microfluidics setup 
The use of microfluidics for droplet generation has become popular since the method 
not only generates droplets of homogeneous size but also allows for the integration of 
different systems, e.g., analytical detection (Y. Zhu & Fang, 2013). The principle of 
droplet microfluidics comes from employing physical phenomena to control and adjust 
flow rates and properties of immiscible liquids (Sangam et al., 2020; Srisa-Art et al., 
2007). As is shown in Figure 3, droplets can be generated using a microfluidic chip which 
is adapted e.g., a T-junction, flow focusing, or co-flow feature (Matuła et al., 2020). Each 
droplet generation using a microfluidics approach relies on fundamental physics and 
chemistry: fluid dynamics, viscous forces, interfacial tension, continuous phases, channel 
dimension, etc. (Pang et al., 2020). These variables contribute directly to the droplet’s 
profile e.g., the droplet’s size and stability. However, the droplet generation mechanism 
can be explained as a passive or active method (P. Zhu & Wang, 2016). The passive 
method requires no external stimuli (e.g., depending on capillary, viscous or inertial 
forces), while the active method requires additional forces (electrical, magnetic etc.). 
Therefore, microfluidics can be used to generate a homogeneous size of droplets, usually 
called monodisperse droplets (P. Zhu & Wang, 2016). In addition to droplet generation, 
microfluidics has been used for various applications, including for droplet manipulation 
(merging, splitting, re-loading, incubation, detection, and sorting) (Matuła et al., 2020).  
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Figure 3. A microfluidic chip can be used to perform droplet generation and manipulation. Each 
function above requires a specific microfluidic chip and can be integrated into one system. In droplet 
generation, there are T-junction, flow focusing and co-flow principle which are usually implemented 
in the microfluidics chip. Reproduced from Matuła et al., (2020) under the Creative Commons  
CC-BY-NC-ND license. 

The microfluidics method provides an important advantage to calculate the probability 
of content encapsulation. The technique adopts a Poisson distribution, which represents 
a discrete distribution and quantifies the likelihood of a certain number of occurrences 
taking place within a defined time frame(Kissell & Poserina, 2017). This distribution can 
be explained by this formula: 

𝑝𝑝(𝑘𝑘, 𝜆𝜆) =
�𝜆𝜆𝑘𝑘𝑒𝑒−𝜆𝜆�

𝑘𝑘!
 

where k is the number of objects in a droplet and λ (lambda) is the mean or average 
number of contents per droplet (Collins et al., 2015). For example, Najah et al. (Najah  
et al., 2012) applied a value of λ = 1 in the Poisson distribution. Using this, they were able 
to determine probabilities of 37% for the compartment with zero objects, 37% for the 
compartment with one object, and 26% for the compartment with more than one object. 
This provides a control to manipulate the encapsulation which increases the probability 
of getting only one object per droplet, e.g., by reducing the λ value.  

Even though droplet microfluidics provides precise droplet generation, there are some 
limitations which require more attention. For instance, this technique demands a complex 
device setup that assures the performance of a droplet microfluidics platform (W. Zheng  
et al., 2022). Droplet microfluidics also require experts to fabricate a microfluidic chip, set 
up the equipment, which consists of a syringe, pumps, and a microfluidic chip, and it 
demands analytical setups to produce results from the experiments (Shang et al., 2017).  
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1.1.3 Applications of droplet emulsions in different types of experiments 
Droplet emulsions have been extensively utilized to perform high-throughput 
experiments to detect and measure various objects of study, from small molecules to 
cells (Figure 4). The applications can also be found in studies in different fields: 
microbiology, biotechnology, chemistry etc. To provide a better understanding of each 
application, the following paragraphs present detailed examples. 

 In microbiology, droplet emulsions are used to perform various microbial studies, 
for instance: 

- Antimicrobial activities (Kaminski et al., 2016; Postek & Garstecki, 2022; Ruszczak 
et al., 2023; Watterson et al., 2020), 

- Hetero-resistance in microbes (Scheler et al., 2020), 
- Bacterial isolation and screening (F. Xu et al., 2023; Yin et al., 2022), 
- Microbiota interactions (Tauzin et al., 2020; Yu et al., 2022), etc. 
Applications of droplet-based microfluidics are also widespread in chemistry 

experiments and some researchers have used them to detect different compounds and 
molecules, including: 

- Dopamine (Alizadeh & Salimi, 2019), 
- Ionic analytes (R. Wang et al., 2021),  
- Small molecules with biochemical activities (Ha et al., 2021), etc. 
Moreover, droplet technologies have been utilized to ease massive parallelization in 

biotechnology methods, including: 
- Different protein detections (Giuffrida et al., 2018; Kebriaei & Basu, 2021), 
- Digital droplet enzyme-linked immunosorbent assays (ddELISA) (Cohen et al., 

2020; Yi et al., 2022),  
- Digital droplet polymerase chain reactions (ddPCR) (B. J. Hindson et al., 2011;  

C. M. Hindson et al., 2013),  
- Single-cell DNA and RNA sequencing methods (Bageritz & Raddi, 2019; De Rop  

et al., 2022; Lan et al., 2017; Nesterenko et al., 2021; Salomon et al., 2019; Zilionis 
et al., 2017). 

 

 
Figure 4. Droplet emulsions are used in various applications, from detecting small molecules to 
monitoring cell-cell interactions. 
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In addition to the examples above, droplet-based experiments have also facilitated 
different studies: 

- Mammalian cell observation (De Cesare et al., 2021), 
- Lipid production in microalgae (G. Zheng et al., 2022), 
- Single-cell metabolomics (Feng et al., 2022), 
- Yeast screening methods with incubation and detection technology (Ahmadi  

et al., 2019), 
- Detection of γ-aminobutyric acid (GABA) by integrating droplet microfluidics 

with matrix-assisted laser desorption/ionization-mass spectrometry (MALDI)-MS 
and Raman spectroscopy (Bell et al., 2021), 

- Biocatalyst analysis using electrospray ionization mass spectrometry (ESI-MS) 
(Diefenbach et al., 2018).  

All of the examples above show the flexibility of the methods, which can be adapted 
for numerous experimental scenarios.  

1.2 Droplet detection and content(s) analysis 
There are various detection methods that have been used for different droplet 
experiments. In general, these detection methods can be classified into two groups:  
1) optical detection and 2) non-optical detection. In the optical detection method,  
the droplet characterization is performed by detecting objects based on their optical 
properties, including light absorption, scattering, or emission (Zhou et al., 2022).  
This includes imaging-based detection (Rutkowski et al., 2022), absorbance detection 
(Medcalf et al., 2023), fluorescence tracing (Vallejo et al., 2019), light scattering (Pacocha 
et al., 2022), Raman spectroscopy (Yue et al., 2022) and interferometric detection (Zamboni 
et al., 2021). In non-optical detection methods, the signals emanating from droplets are 
detected by electrical sensors (Fu et al., 2017), mass property sensors (Kempa et al., 
2020), capillary electrophoresis (Liénard-Mayor et al., 2021), or electrochemical reaction 
sensors (Delahaye et al., 2021). Both methods have advantages and disadvantages 
(Figure 5). In brief, optical detection requires less sophisticated equipment, versatile, 
non-destructive, and contact free (Kalantarifard et al., 2018). The use of common 
equipment, such as microscopy, provides more accessibility than with non-optical 
methods (Y. Zhu & Fang, 2013). However, the versatility cannot compete with the high 
specificity which can be achieved by performing non-optical detection, e.g., the use of 
matrix-assisted laser desorption/ionization-mass spectrometry (MALDI)-MS to detect 
droplets containing γ-aminobutyric acid (GABA) (Bell et al., 2021). Yet, optical detection 
is often preferred since the equipment is usually available in biology or chemistry 
laboratories. Even with the accessibility of detection equipment, analyzing optical 
detection results requires expert knowledge, e.g., transforming image data into tabular 
data (shape and size profiles of droplets and their contents) using image analysis. 
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Figure 5. Pros and cons of optical and non-optical detection methods for droplet detection and 
analysis. In brief, both optical detection and non-optical detection methods provide different 
purpose and capacity.  

1.2.1 Imaging in droplet experiments 
One of the optical detection methods, imaging, is known to be the most accessible 
approach for acquiring experimental data (on droplets and their contents) (Liu & Zhu, 
2020). The acquired data is in the form of image data which can be processed later 
using image analysis software. Therefore, many researchers have used imaging to 
perform different types of droplet-based experiments. There are various microscopy 
techniques which are usually used in such experiments, including light and 
fluorescence microscopies (Saateh et al., 2019) and high-resolution microscopy  
(e.g., electron microscopy) (Y. Zhu & Fang, 2013). Recently, Szydlowski et al. 
(Szydlowski et al., 2020) were able to utilize a smartphone device to capture images 
in a droplet-based experimental study and performed detections. Although data 
acquisition from the imaging method is accessible, an advanced analytical method is 
essential and often it demands some programming skills and prior image analysis 
knowledge. 

 
Figure 6. Illustration of droplet imaging and the image analysis workflow in acquiring droplet data 
and results for data visualization. It starts from image data from microscopy which can result 
brightfield or fluorescent image data. The data then can be analyzed to find droplets and 
visualizations can be performed afterward. 
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1.2.2 Image analysis pipeline and workflow 
Image analysis is usually referred to as a method to discover, identify, and understand 
the patterns in image data (Gonzalez & Woods, 2008). In Miura (Miura, 2020), the image 
analysis of a biological object can be seen as bioimage analysis, where the purpose of 
identification was to find biological components and perform measurements in an 
unbiased way. In a droplet-based experiment, image analysis focuses more on the 
identification of droplets and objects, which can be biological or other types of  
samples, e.g., microplastic beads. Image analysis is an important step in acquiring data 
from images. It typically involves several steps, including acquisition, pre-processing, 
segmentation, feature extraction, classification, and data interpretation (Hartig, 2013). 
In Miura and Sladoje (Klemm & Miura, 2022; Miura et al., 2020), the workflow started 
with biological image data and resulted in numbers, plots, statistics, and visualizations. 
However, the important part (a pipeline) came from the components in the middle of 
the workflow (Figure 7). Each component had specific features, command, or algorithm, 
which could be used to process images or groups of pixels. The pipeline consisted of 
different components (usually referred as a collection), which are usually readily 
available in image analysis software.  

 
Figure 7. Image analysis workflow comprising component assembly from a software library collection. 
The workflow encompasses image data retrieval, a pipeline built from diverse components, and 
anticipated results from the actual object. Adopted with modification from Miura et al. (2020)  under 
the Creative Commons CC-BY. 

In a droplet-based experiment, the workflow usually starts with the experiment and 
type of droplets, which are the objects of interest and provide scientific questions to 
answer. As mentioned in the previous section, for example, the use of the LAMP method 
for nucleic acid quantification includes imaging as a data acquisition method (Figure 2). 
This method then uses a specific image analysis pipeline with a convolutional neural 
network (CNN) model that detects each droplet and evaluates the detection (Chen et al., 
2022). There are some other pipelines that are used to find microbial community 
interactions across different environments (Hsu et al., 2019) and that assess multi-gene 
expression in E. coli (Sierra et al., 2022). Unfortunately, these pipelines require 
programming skills in either Python (Python.org, 2023) or MATLAB (MATLAB, 2023).  

Table 1 shows various research projects which have utilized different software to 
detect droplets and objects. Both monodisperse and polydisperse droplets have been 
used to encapsulate varied objects, e.g., nucleic acids, beads, bacteria, antibodies, and 
diverse cells. There are various types of software which have been utilized to detect 
both droplets and objects.  
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Table 1. Previous research projects that describe the software used for droplet and object detection. 

Type of droplets Objects Software References 

Monodisperse 

DNA/ nucleic acid Mathematica (Baccouche et al., 
2017; Genot et al., 
2016) 

Nicotinamide adenine 
dinucleotide (NAD), 
Bacteria, Chinese 
hamster ovary,  
K562 cells 

LabView 
and/or 
MATLAB 

(Beneyton et al., 
2018; Lyu et al., 
2015; Sesen & 
Whyte, 2020; Vitor 
et al., 2018;  
Vo et al., 2017) 

Particle-templated 
emulsification 
object, bacteria, 
beads with 
fluorescence 

ImageJ/ Fiji (Demaree et al., 
2018; Kao et al., 
2019; Pan et al., 
2015; Rakszewska  
et al., 2016) 

Oil droplets CellProfiler (Scheuble et al., 
2017) 

Beads Python 
(OpenCV) 

(B. Li et al., 2020; 
Svensson et al., 
2018) 

Not available (NA) C++ (OpenCV) (Zang et al., 2013) 

Polydisperse 

Sarcoma 
condensates, 
antibodies 

ImageJ (Avni et al., 2022; 
Byrnes et al., 2020) 

Bacteria, antibodies MATLAB (Byrnes et al., 2020; 
Byrnes, Phillips,  
et al., 2018) 

DNA, double 
emulsion droplets 

Python (Chen et al., 2022; 
Durve et al., 2022) 

 
The table above shows that there are different workflows and methods to detect 

droplets and their contents (Table 1). Most of the previous studies used script-based 
software, e.g., C++ (OpenCV- C++, 2023), MATLAB (MATLAB, 2023), Python 
(Python.org, 2023), and Mathematica (Wolfram Documentation, 2023). There are 
some user-friendly types of software, such as ImageJ (Schindelin et al., 2015; 
Schneider et al., 2012), CellProfiler (Lamprecht et al., 2007; McQuin et al., 2018; 
Stirling, Swain-Bowden, et al., 2021), and LabView (LabVIEW, 2023). However, the 
documentations of these usages in the research articles are unclear. Moreover, 
LabView is only available commercially.  

1.2.3 Elements of image analysis 
There are various image analysis elements which are important in analyzing images. 
In this section, there are four important elements which are required to bring the 
foundation to this thesis, including a) pixels and image data, b) filters and 
segmentation, c) batch processing, and d) feature extraction. 
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a) Pixels and image data 
Imaging method generates image data containing information which usually is detected 
by a detector in different optical device or microscope (Kuswandi et al., 2007). There are 
various sensors which can be used to image droplets, including Charge-Coupled Device 
(CCD) or Complementary Metal Oxide Semiconductor (CMOS) sensors (Pärnamets et al., 
2021). From this sensors, droplet images will be translated as pixels, acronym of picture 
elements, which can be defined as the smallest units in image data (Zhang & Gourley, 
2009). Each pixel represents color or bit-depth value (or color information) with 
coordinates where usually is described as a grid-square with specific color (Bull, 2014; 
Floyd et al., 1986). It contains bit-depth which varies in each pixel, for example, an 8-bit 
image has 256 numerical values, ranging from 0 (black) to 255 (white) (Bankhead, 2023). 
The bit-depth also varies depending on the image acquisition method or sensor that 
capture the image, e.g., 16-bit with 65536 color variations or 24-bit with 16 millions color 
variations. In high bit-depth image, some colors are usually used to show the images in a 
more detailed manner, e.g., 16-bit with 0-255 range values but using three different 
colors such as red, green, and blue (Tan & Jiang, 2018). This different colors are called as 
channels where each pixel values represent the intensity of each color channel. To show 
the number of pixels and its intensity, lookup table (LUT) is usually used (Figure 8). This 
LUT can also be used to convert an image in different color without changing the pixel 
value (Bankhead, 2023). 

Image data also hosts metadata such as channel, time, space, microscopy details, etc. 
One example, a format Open Microscopy Environment (OME) Remote Object (OMERO) 
and Bio-Formats project (OME, 2023). These formats contain multidimensional data 
which suitable to image analysis software. In addition to these formats, there are various 
filetypes which are .lif (Leica), .oif (Olympus), .nd and .nd2 (Nikon), .dv (DeltaVision), and 
.czi or .lsm (Zeiss). There are also generic lossless or lossy image data such as TIFF or JPEG, 
respectively (Tan & Jiang, 2018). 
 

 
 

Figure 8. Look up table for greyscale image which has a pixel’s value from 0-255. This value may 
vary depending on the image data. This range is used to describe the 8-bit greyscale image data. 
In 16-bit greyscale image, the value is ranging from 0-65,535. Reproduced from Bioimagebook by 
Bankhead (2023) under the Creative Commons CC-BY. 
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b) Filters and segmentation 
As previously explained, components hold an important part in processing image data. 
Filters and segmentation become essential components in image analysis (Oliveira et al., 
2016). These components can help detecting regions or objects with specific criteria, 
including droplets and objects in it. Filters are commonly used to remove noises (Tan & 
Jiang, 2018). The filtering components are usually used to enhance or modify images, 
e.g., noise removal, enhance edges, suppress specific pixels, etc. (Flamary et al., 2012). 
Some filters are developed by transforming the pixels with specific distribution,  
for instances, Gaussian filter, median filter, Gabor filter, and mean/average filter 
(Georgeson & Meese, 1999; Tan & Jiang, 2018). Each of the filter is effective for specific 
case, for examples, Gabor filters are commonly used for texture analysis and median 
filters are effective in reducing noise (Britos & Ojeda, 2019; Reiser et al., 2007).  

On the other hand, segmentation is more toward a process to partition image into 
regions or objects (Oliveira et al., 2016; Szeliski, 2011). In general, segmentation method 
can be classified into two groups, semantic and direct segmentation. In semantic 
segmentation, identified pixels are assigned into the same generic class while in direct 
segmentation, each assigned pixels group is defined as specific group (Bazin et al., 2011; 
Liu et al., 2021). For example, in semantic segmentation, detection of droplets in an 
image data can be identified of one same circles without considering the different 
features in each droplet. In direct segmentation, droplets can be grouped into different 
labels depending on the annotations/ given labels, e.g., droplets with object(s) in it and 
empty droplets. The segmentation methods can be implemented in various components, 
e.g., thresholding, watershed, edge detection, etc. As the simplest segmentation 
method, thresholding is used to classify pixels based on the specific value as the limit 
between each group (Rogowska, 2000). This thresholding method can be performed to 
group image as a whole image data (global) or as a local/determined windows (adaptive). 
Usually, it will be followed by watershed algorithm where the thresholded image will be 
modeled as a topographic landscape, and the intensity values represent elevations. 
Watershed is applied to separate the regions and identify the boundaries between 
objects (Tlig et al., 2020). There is also edge detection which is a technique in image 
processing that identifies points in a digital image where there are sharp changes in 
brightness, known as edges or boundaries (Tan & Jiang, 2018).  

In thresholding, there are different algorithms which can be implemented to group 
the pixels based on different calculations, e.g., Otsu, Entropy, Robust Background, 
Savuola, etc (Lamprecht et al., 2007; Rogowska, 2000). For instance, in Otsu’s algorithm, 
pixels classification where two classes, foreground, and background are separated based 
on the grayscale intensity values of its pixels (Rogowska, 2000; Xia et al., 2019). 
Implementation for Otsu’s algorithm can be defined the variance between the two 
classes/ regions, formulated as: 

𝝈𝝈𝐵𝐵2 (𝑘𝑘) =
[𝑤𝑤1(𝑘𝑘) 𝑥𝑥 𝝁𝝁1(𝑘𝑘) −  𝑤𝑤2(𝑘𝑘)𝑥𝑥 𝝁𝝁2(𝑘𝑘)]2

𝑤𝑤1(𝑘𝑘) 𝑥𝑥 𝑤𝑤2(𝑘𝑘)   

where: 
-  𝝈𝝈𝐵𝐵2 (𝑘𝑘) represents the between-class variance at threshold k,  
- 𝑤𝑤1(𝑘𝑘) 𝑥𝑥 𝑤𝑤2(𝑘𝑘) are the weights of class 1 (foreground) and class 2 (background) 

at threshold, 
- 𝝁𝝁1(𝑘𝑘) and  𝝁𝝁2(𝑘𝑘) are the means of class 1 and class 2 at threshold k respectively, 

calculated as the cumulative means up to threshold k. 
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c) Batch processing 
Image analysis can accommodate more than single image data. In droplet-based 
experiment, thousands of droplets need to be captured in different images (Herbert, 
2023). Typically, videos are used, and image analysis is performed on each frame to 
count and obtain information about the droplets (Bull, 2014). To process these 
images, batch processing is usually required. Batch processing involves handling 
multiple images simultaneously, streamlining the analysis workflow (Nanes, 2015). 
Each of image analysis software is equipped to handle a set of images. However, 
performing this additional process may require additional steps or programming 
skills. For instance, in imageJ, batch processing requires a set of macro script which 
executes the working components and loop the process for multiple images (Klemm 
& Miura, 2022). Nevertheless, the components can be recorded during the analysis 
of a single image (Herbert, 2023). Despite the recorded macro, some adjustments 
are usually necessary before performing the batch processing and this requires steep 
learning curve. 

d) Feature extraction  
Feature extraction plays a crucial role in obtaining results from segmentation and 
object detection. It involves extracting various features commonly utilized in image 
analysis, such as pixel intensity, size, and shape (Plá et al., 1993). These features 
serve a significant purpose in determining the distribution of detected objects. For 
instance, in droplet detection, features like size distribution plays a vital role in 
assessing the monodispersity in droplet generation (Gawryszewski et al., 2018). 
These features are derived from the detected pixels that represent the identified 
object, enabling the determination of average pixel intensity, maximum radius, and 
area of detection (Z. Li & Liao, 2022). In the context of droplet detection, feature 
extraction is commonly employed to obtain crucial insights and measurements, 
facilitating various tasks and analyses (Gawryszewski et al., 2018). 

1.2.4 User-friendly image analysis software 
In recent developments, different types of image analysis software have been used, 
including those that are user-friendly and widely accessible. User-friendly software can 
be defined as a software which emphasize simplicity other than complex system in 
providing its feature to the user (Omotayo, 1984). This kind of software aims to ease user 
to access and use the software without a steep learning curve. These types of software 
are available online and are ready to use, such as ImageJ (Schindelin et al., 2015), 
CellProfiler (Lamprecht et al., 2007; Stirling, Swain-Bowden, et al., 2021), Ilastik (Berg  
et al., 2019), QuPath (Bankhead et al., 2017) and Icy (De Chaumont et al., 2012).  
The types of software are meant to accommodate different kinds of bioimage 
experiments. For example, CellProfiler can be used to detect and quantify types of cells, 
including megakaryocytes (MK), during thrompoiesis (Figure 9) (Salzmann et al., 2018), 
human tumor cells (Elkabets et al., 2011), small-molecule inhibitors of leukemia stem 
cells (Hartwell et al., 2013), etc. There are some examples of the use of ImageJ for 
detecting nuclei and prostate cancer cells, which have been extensively described 
(Hartig, 2013). To accommodate complex bioimage cases, there are some examples 
where two types of software are needed. Ellen et al. (Dobson et al., 2021) described two 
different cases of studying cell morphology and migration in time-lapse datasets and 
whole plate analysis to detect nucleus and whole-cell images.   
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Figure 9. Image analysis pipeline for megakariocyte (MK) detection using CellProfilerTM. The pipeline 
starts by identifying both nucleated and unnucleated cells. After the identification, borders in the 
selected object are smoothed. At the end, the objects are classified into different subtypes based on 
their morphology. Adoption with modification from Salzmann et al. (2018) under the Creative 
Commons CC-BY. 

However, the above-mentioned pipelines and examples showed that there are types 
of software which are already capable of accommodating different types of analysis, 
including droplet-based experiments. Recently, some articles have appeared on the use 
of ImageJ for droplet analysis. As previously mentioned, ImageJ has been used to analyze 
monodisperse and polydisperse droplets that contain cells (Zielke et al., 2022) and 
biomolecule reactions (Avni et al., 2022), respectively. However, a detailed description is 
often not available in the publications, which may lead to confusion among new 
researchers who are interested in reproducing the workflow. Moreover, droplet 
detection is usually followed by classification and analysis, and these are rarely described 
in any workflow. Therefore, there is a need to provide such a workflow and details. 

1.2.5 Important image analysis steps for droplets and content detection 
In principle, droplet and content detections, also called object detections, in image data 
require a selection of specific pixels that differ from the background pixels. To retrieve 
the correct detections, image data are usually reviewed through different steps, 
including pre-processing, processing, and post-processing.  

Pre-processing is the initial step in object detection and involves enhancing the 
quality of the image to improve the accuracy of detection. This may include such 
operations as noise reduction and geometric transformation (Fan et al., 2019; Sonka 
et al., 1993). Pre-processing aims to reduce problems with image data, including 
noise reduction, optimized contrast, and brightness, which may hinder detection 
(Park et al., 2021). 

In the processing step, images are analyzed to detect and classify objects of interest. 
This includes various techniques, including thresholding, implementation of watershed 
and segmentation algorithms, where pixels are partitioned and grouped based on color, 
intensity, or texture (Liang et al., 2014). The aim of the processing step is to detect objects 
of interest and retrieve information on the objects (Uchida, 2013). The extracted 
information includes shape, size, and the object’s behavior. For instance, images can be 
divided into two or more groups, e.g., objects as “foreground” and a microscope’s slide 
as “background” (Hartig, 2013). In this thesis, the objects of interests are droplets and 
encapsulated objects. 
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Post-processing is the final step in object detection and involves refining the results 
obtained from the detection algorithm. This may include filtering out false positives, 
grouping or merging detections, and tracking objects across frames in a video sequence 
(Sabater et al., 2020). Post-processing techniques aim to improve the accuracy and 
reliability of object detection results (Savargaonkar et al., 2021). Moreover, this step is 
usually added to standardize outputs, including as image data and interpreting results 
(Schulz-Menger et al., 2020). 

Overall, object detection in image analysis involves a combination of processing,  
pre-processing, and post-processing steps to accurately detect and classify objects within 
an image or video sequence. These steps are essential for achieving robust and efficient 
object detection results. 

1.2.6 Analytical platforms for droplet data analysis 
A droplet-based experiment generates large amounts of data that require data 
processing and visualization. Using an imaging approach, droplet experimental results 
are presented as pixel profiles from image analysis software. In an example from a 
CellProfiler Analyst (CPA) (Dao et al., 2016; Jones et al., 2008), it can provide data 
exploration and visualization to gain insights regarding the processed data from 
CellProfiler (McQuin et al., 2018). This software is also equipped with a classifier to train 
a machine-learning model from a detected object (Jones et al., 2009). In the newest 
version of CPA, the software is also equipped with a dimensional reduction tool to 
minimize non-significant dimensions or features in the data set (Stirling, Carpenter,  
et al., 2021). Since a study of droplet-based experiments using a CellProfiler does not 
exist, the use of this software remains untested. Furthermore, the software is only able 
to find the input of property files available from a CellProfiler.  

 
Figure 10. Examples of droplet analysis from image data which was performed to show the effect 
of droplet storage in droplet’s size variation. Each of the droplet image is visualized as a normalized 
droplet volume in percentage (%) histogram that indicates droplets after generation (black bars) in 
comparison to after a transfer process (red bars). This figure is reproduced from Grösche et al. 
(2019) under copyright 2023 by the publisher. Used with permission. 
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Image analysis software generates pixel data which can be translated into different 

variables, including shapes and sizes. In droplet analysis, there are different important 
variables which are usually shown in a publication, e.g., volume distribution, coefficient 
variations and relative signal distribution. As shown in Figure 10, Grösche et al. (2019) 
used size distribution to assess the effects of different storage methods. In Scheler  
et al. (2020), droplet data are shown to find the signal distribution among droplets, 
including in different effects of serial antibiotic concentration. 

As mentioned previously, this data processing is mostly performed individually and 
there is no standard in assessing droplet distribution with a user-friendly tool from image 
analysis results, especially without the need for programming. 
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2 AIMS OF THE STUDY 
The general goal of this study was to develop user-friendly and low-learning-curve tools 
for analyzing droplet arrays that do not require programming skills of the end user.  
To reach the goal, there were four specific aims: 
Aim 1 Provide a droplet detection platform for different droplet experiments. 
Aim 2 Find a suitable platform for droplet classification which is needed to group 

droplets in the experiment. 
Aim 3 Simplify the data analysis of droplet array images, which usually requires an 

image analyst and programming skills. 
Aim 4 Develop user-friendly analytical pipelines for different droplet experiment 

scenarios. 
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3 MATERIALS AND METHODS 
The materials and methods which are used in this thesis are explained in detail in the 
published articles. This section will mention only a key message for each step necessary 
to follow the thesis. 
 
Publication I 
• A CellProfilerTM pipeline was developed and applied to detect droplets in 64 

images, which were acquired using a fluorescence wide-field microscope.  
• The distinction between empty droplets and droplets containing bacteria was 

determined using a CellProfiler Analyst (CPA) and a database generated by the 
CellProfilerTM pipeline. 
 

Publication II 
• User-friendly types of software were explored through online search and manual 

tests to perform droplet detection. 
• Pipelines were generated using the four most popular types of software 

determined by a Scopus search and Twitter assessment (ImageJ, CellProfiler, 
Ilastik, and QuPath). 

• Pipeline comparisons were carried out to compare the different logics of each 
software. 

• Accuracy and precision were performed to assess the capability of the four 
compared types of software in detecting droplets. 

• In addition, software processing time was examined to determine detection 
efficiency. 

 
Publication III 
• Detection of polydisperse droplets and fluorescent objects inside droplets were 

accomplished by using CellProfilerTM. This included the measurement of each 
object. 

• Detection of monodisperse droplets and fluorescence objects in were carried out 
with CellProfiler TM. This pipeline has additional modules to enhance detection and 
to build a relationship between droplets and objects. 

• In brightfield images, we used a combination of Ilastik and CellProfilerTM  to detect 
object(s) in droplets which do not have fluorescence capability (e.g., microplastic 
beads). CellProfilerTM was used to analyze and obtain the relationship data and 
their pixel profiles. 

• EasyFlow is able to visualize droplet signals and size distributions, the relationship 
between droplet signals and sizes, and to describe the experimental conditions 
based on signal distribution. EasyFlow was invented to simplify the data 
processing and visualization of droplet image analysis, which was generated by 
image analysis software as comma separated value (.csv). 

• EasyFlow was developed in Python using a Streamlit framework and important 
libraries, such as Pandas, NumPy, Matplotlib and Bokeh.  

• We have provided examples of full detection and analysis pipelines for different 
scenarios by providing images as input data and visualizations with necessary 
tables and statistics as output. 
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4 RESULTS AND DISCUSSION 

4.1 Droplet detection is an important step in droplet experiments 
(Publication II) 
This section addresses the need to provide a droplet detection platform for different 
droplet experiments. 

4.1.1 There are many types of software suitable for droplet detection 
As mentioned in the literature section of the image analysis pipeline and workflow, image 
analysis software can be defined as a collection (Miura, 2020). The collection or types of 
software have been developed for different purposes, and searching for the right 
software for detecting objects, including droplets, requires a steep learning curve and 
some exploration, especially with no prior image analysis knowledge or programming 
skills. There are numerous types of image analysis software available online. To evaluate 
the most discussed software in available publications, Twitter and Scopus keyword 
search was performed (on February 11, 2021). Based on the results, the most discussed 
types of software used for image analysis are ImageJ, CellProfiler, Ilastik, and QuPath. 
These four types of software are able to detect droplets (Figure 11A).  The pipelines from 
each type of software were also identified and showed the key variables that distinguish 
each step of droplet detection. The variables are grouped into three levels of abstraction 
that cover the fundamental principle of each software workflow (Figure 11B). The detailed 
abstractions for each type of software are explained in the figure below and in 
Publication II (Sanka et al., 2021).  

The use of three-level abstractions provides a clearer understanding of each 
component in the software which needs to be compiled as a pipeline. For instance,  
in CellProfiler (CP with red box – Figure 11B), to detect droplets in fluorescence images, 
the pre-processing steps require image data preparation that includes image upload, 
metadata detection, name types which will be used in the pipeline, and groups of images. 
The processing step usually involves pixel intensities, texture, edges, etc. (Liang et al., 
2014; Uchida, 2013). In CP, the module only requires an IdentifyPrimaryObject module, 
which contains different components, including thresholding, smoothing, segmentation, 
and automatic selection. For post-processing, there are four steps used to display data 
as images and documents (spreadsheet in .csv format). These include “OverlayOutlines”, 
“OverlayObject”, “DisplayDataOnImage”, and “ExportToSpreadsheet” modules. Further 
explanation regarding other types of software is provided both in the publication and in 
the Supporting Information (Sanka et al., 2021). 
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Figure 11. Diagram illustrating droplet detection in single image data. A) Using the most popular 
software based on Scopus and Twitter, we were able to identify droplets in a single fluorescence 
image (CellProfiler-CP, ImageJ-IJ, Ilastik-Ila, and QuPath-QP). B) In principle, each type of software 
shares an identical logic, including pre-processing, processing, and post-processing. The second 
level contains two categories: rule-based, where users specify some parameters (e.g., size and 
threshold value), and machine learning-based, where users classify/annotate groups of pixels in an 
image. The third level describes the steps that must be taken in each type of software. Rectangles, 
circles, and triangles are used to identify modules with one, one to eight, and more than eight 
alternatives, respectively (Publication II - Sanka et al., 2021). 

4.1.2 Each type of software performs differently in droplet detection 
Each type of software performs differently in terms of accuracy, precision, and processing 
time. To show the capabilities in detecting droplets, accuracy and precision tests were 
performed by comparing manual counts as a “ground truth” with each detection from each 
type of software. In the experiment, sensitivity and specificity tests using True Positive – 
positive droplets (TP), False Positive – false droplet detection/underestimation (FP), and 
False Negative – software could not detect droplets/overestimation (FN) were used 
(Gaddis & Gaddis, 1990). Using these calculations, precision and accuracy were 
determined, explaining the ratio of correct detection among the total and the probability 
of recreating correct detection, respectively (Bland & Altman, 1995, 1999). Figure 12A 
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shows that CellProfilerTM had the highest accuracy and precision in detecting droplets. 
Moreover, counting the errors in each type of software showed that both rule-based 
types of software (CP and ImageJ) produced fewer errors than the machine-learning 
based types of software (Ilastik and QuPath) (Figure 12B). The high number of errors 
mostly involved filtering the droplets that touched borders and wrong segmentation that 
resulted in joint droplets (Sanka et al., 2021). The performance of each type of software 
was also assessed in terms of processing time (Figure 12C). Based on the processing time 
measurement, in general Java-based software (CellProfiler and Ilastik) performed almost 
10-20 times faster than Python-based software (QuPath and ImageJ). This processing
time experiment gave unexpected results since we expected that machine-learning
based software would provide longer processing times due to training and feature
implementation (Frank et al., 2020). However, we concluded that the processing time
was longer because of the programming language used to make the software. This was
supported by a previous study which compared Java-based with other types of software,
including Python-based software (Fourment & Gillings, 2008).

Figure 12. User-friendly software shows different accuracy, precision, and processing times for 
detecting droplets. A) CellProfilerTM (CP) demonstrated high accuracy and precision compared to 
the other software (ImageJ, Ilastik, and QuPath). B) In a diagnostic test, the false positive events 
were higher in the machine-learning-based software compared to the rule-based, where each block 
represents an event or image error detection (high numbers in the scale indicate more errors). 
C) The Java-based software (ImageJ and QuPath) displayed faster processing times in detecting
droplets. The same 64 images with 10 replicates were used for this evaluation (Publication II - Sanka 
et al., 2021).

4.2 Droplet classification can be done manually or automatically 
(Publication I) 
This section addresses the need to find a suitable platform for the classification of group 
droplets in experiments. 

Droplet detection is usually followed by intensity measurement, where gray signals 
that represent each droplet are measured. This measurements can then be transformed 
into sizes or other measurement variables, e.g., maximum/minimum ferret diameter, 
mean diameter, radius, mean pixel intensity or maximum pixel intensity (Liang et al., 
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2014). Using relative fluorescence or pixel intensity, droplets can be classified into two 
or more groups. In Figure 13A, two types of droplets are classified based on the detected 
mean intensity in the first local minima after the first peak. In this case, two groups of 
droplets that represent empty droplets and droplets with objects which have 
fluorescence were classified. There is also a method which can be used to distinguish 
droplets by implementing a supervised machine learning algorithm, such as CellProfiler 
Analyst (CPA) (Figure 13B). The software can host a database file from CellProfiler that 
contains detected objects. In CPA, the user only needs to train on a model based on the 
selection of the image, e.g., positive droplets with bright green fluorescence and negative 
droplets with dark pixels. In CPA, the result can also be assessed using a confusion matrix, 
which cross validates the classification results with predefined classes (droplets with and 
without bacteria/fluorescence) (Dao et al., 2016). 

 
Figure 13. Droplet classification techniques (manual and automatic) use pixel profiles as the 
parameters to group droplets into two or more different types. A) Manual thresholding provides 
flexibility to define the intensity value characteristic of the desired group(s). B) Automatic 
thresholding categorizes based on visually inspected examples which are used to build a 
classification model. Manual thresholding is done by establishing a threshold in the relative 
fluorescence droplet distribution and the automatic classification using CellProfiler Analyst (CPA) 
with an available classification algorithm, e.g., Random Forest (Publication I - Bartkova et al., 2020). 
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4.3 A developed web application (EasyFlow) quickly provides analysis 
and visualization of droplet experiment data (Publication III) 
This section deals with simple data analysis of droplet array images without the need for 
programming skills. 

Every type of image analysis software is able to produce pixel profiles from image 
data. Unfortunately, not every image is designed for droplet analysis. EasyFlow is built to 
simplify the workflow of image-based droplet detection analysis and can host comma 
separated value (.csv) or excel file format (.xlsx or .xls) from image analysis software 
(Figure 14A). Using the mentioned file, the user can directly upload it onto EasyFlow and 
it will generate four important visualizations for droplet experiments, including droplet 
size and signal distributions, the relationship between size and signal pattern, and a 
comparison of experimental conditions (Figure 14B). EasyFlow also provides tuneable 
thresholding, where the user can define the manual threshold to classify two types of 
droplets.  

Easyflow generates the necessary graphs usually used to assess droplet-based 
experiments. These include: 

- Droplet size distribution (Sun et al., 2019) 
To determine size homogeneity, especially in assessing mono-dispersity in 
droplet generation using a microfluidics setup. 

- Droplet signal distribution (Rutkowski et al., 2022) 
To distinguish two or more types of objects, including droplets with and without 
encapsulated objects. 

- Relationship between droplet size and signal  
To assess whether encapsulation is clumped in specific volumes or shows some 
distributions. 

- Comparison of experimental condition (Sanka et al., 2021; Scheler et al., 2020) 
To show the distribution of signals in different labels which are usually used for 
different droplet experiments, e.g., an antimicrobial susceptibility test (AST). 
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Figure 14. EasyFlow simplifies data processing and the visualization of image analysis software 
output. A) Image analysis software generates Comma Separated Values (.csv) as the result of 
droplet detection. Label, signal, and size data can be used to produce results in EasyFlow.  
B) EasyFlow produces essential graphs that represent droplet profiles and provide necessary data
processing. This includes 1) droplet size distribution histograms, 2) the distribution of droplet
signals, 3) the relationship between droplet size and signal data, and 4) a comparison of
experimental condition (label) graphs. EasyFlow is equipped with adjustable binning and tuneable
thresholding. Thresholding is required to group two types of droplets and generate color-coded
plots (especially for relationship and comparison graphs) (Publication III - Sanka et al., 2023).

4.4 Analytical pipelines for common droplet experimental scenarios 
and their applications (Publication III) 
This section provides the results for showcasing user-friendly analytical pipelines for 
different droplet experiment scenarios. 

4.4.1 Different droplet and object detection using user-friendly software 
In droplet-based experiments, there are various types of image-based analyses which are 
usually performed in different settings. For instance, it may depend on the types of 
droplets, microscopy techniques, etc. (Figure 15). Here, we have provided different 
pipelines for analyzing droplet image data that could be used as examples. Each of the 
pipelines adopts the principle of pre-processing, processing, and post-processing, 
as described in (Sanka et al., 2021). 
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Figure 15. Typical droplets and objects of study in image data. These image data capture signals 
from droplets and our objects of interest. A) show polydisperse droplets that encapsulate bacteria 
which give different fluorescence signals and B) show monodisperse droplets that encapsulate 
fluorescence and non-fluorescence objects (Publication III - Sanka et al., 2023). 

The first pipeline works in polydisperse droplet detection, which accommodates 
fluorescence object measurement (Figure 16A). In this case, the fluorescence represents 
whether the droplet has objects or not. In brief, this pipeline starts with channel  
splitting and splits the input image, which has false coloring – red, green, and blue – for 
visualization. Using only an IdentifyPrimaryObject module, droplets can be detected with 
ease. However, an additional filtering module is required to eliminate faulty 
segmentation. The filtering module is added by considering different variables which are 
important for eliminating non-cyclic objects, including eccentricity, solidity, and form 
factors (Andersson et al., 2019; Tiemeijer et al., 2021).  

For the second pipeline, the detection is performed to find fluorescence objects in 
monodisperse droplets in fluorescent image data (Figure 16B). This pipeline is also able 
to distinguish how many objects are encapsulated in each droplet. The pipeline starts 
with color splitting using a ColorToGray module, similar to Pipeline 1. However, in this 
pipeline, two modules of IdentifyPrimaryObject were used to detect droplets and 
fluorescence objects separately. This includes a filtering module to eliminate imperfect 
segmentation. Once both droplets and objects were detected, the relationship between 
both detections was determined under a RelateObject module.  

For the third pipeline, the detection can be implemented in brightfield image data and 
is meant to detect monodisperse droplets which have objects in them (Figure 16C). This 
pipeline uses a combination of Ilastik and CellProfilerTM (CP) to detect both droplets and 
the objects of interest.  Briefly, Ilastik was needed to detect objects in the droplets using 
Pixel Classification and the Object Identification module. This detection resulted in a 
probability map which could be used to perform object re-detection in CP. On the other 
hand, droplets were detected using CP with some additional modules, e.g., 
EnhanceOrSurpress, IdentifyPrimaryObject, and RelateObject modules.  

From each of the pipelines, both droplets and objects were measured using 
MeasureObjectIntensity and MeasureSizeShape to retrieve the pixel data. All of these 
results were exported as .csv files to suit EasyFlow. Complete pipelines are explained 
more thoroughly in (Sanka et al., 2023). 
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Figure 16. Droplet image analysis pipelines for typical droplet experiment scenarios. These pipelines 
cover polydisperse and monodisperse droplet detection in fluorescent image data, polydisperse 
droplets in brightfield image data, and different objects in droplets (Publication III - Sanka et al., 
2023). 
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4.4.2 Applications of droplet emulsions with user-friendly pipelines  
We tested the pipelines to perform different microbiology research, e.g., controlled 
growth of E. coli using a CRISPR system, an antimicrobial heteroresistance test in E. coli, 
microalgae growth observation, and a microplastic bead (microbeads) droplet stability 
test.  

a) Bacteria with an aTc CRISPR system can grow in high temperatures  
We tested Pipeline 1 by performing an analysis on CRISPR-based system bacteria, where 
the growth could be adjusted by anhydrotetracycline (aTc). Gardner et al. (Gardner  
et al., 2000) introduced a "toggle switch" that can be activated in the presence of aTc, 
inhibiting bacterial growth, while its deactivation in the absence of aTc changes the 
toggle switch to the OFF state, allowing bacterial growth to resume. Moreover,  
the CRISPR system is temperature sensitive so that the bacterial growth will stop if the 
temperature is high. As we can see in Figure 17, the droplet pixel intensities at 42oC with 
an aTc or anhydrotetracycline “toggle switch” are higher than at 37oC. This shows the 
“toggle switch” works by restarting the replication and proliferation after switching to 
42oC. We can also see that both bacterial growths remained stable without additional 
aTc. This corresponds to the result from Wiktor et al. (Wiktor et al., 2016), where 
replication and proliferation could be triggered by switching the temperature to 42oC. 
 

 
 
Figure 17. Controlled activation of bacterial growth using an aTc knock-out in polydisperse droplets 
shows different growth rates at 37oC and 42oC. (Publication III - Sanka et al., 2023) 

b) Antibiotic activity in the B-period of the cell cycle 
Pipeline 1 was also used to monitor the antibiotic activity in growth-synchronized 
bacteria. Bacterial growth consists of three periods, including the preparation of DNA 
replication (B-period), replication to termination (C-period), and the end of the 
termination and division of bacteria cells (D-period) (J. D. Wang & Levin, 2009). In this 
experiment, bacterial replication was “arrested” using serine hydroxamate (SHX) during 
the B-period before adding antibiotics. This means the bacteria could have synchronized 
growth and we wanted to see whether different stages of the bacterial growth period 
affect the overall response of antibiotic treatment (Figure 18). However, based on the 
results, we could not see any difference between non-arrested and arrested bacteria. 
Both groups have the same viability, and this indicates that the B-period of the cell cycle 
does not affect the antibiotic response to the bacteria. 
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Figure 18. Both normal and cell-cycle synchronized growth bacteria show similar resistance 
responses (Publication III - Sanka et al., 2023). 

c) Microalgae growth remains stable in droplets 
In this experiment, we used Raphidocelis subcapitata microalgae cells for these  
droplet-based experiments. The microalgae are important in performing toxicology 
experiments (Suzuki et al., 2018). Therefore, it is important to see whether the 
microalgae can grow in droplets. Using Pipeline 2, we observed that the microalgae’s 
growth remained stable for over 72 hours (Figure 19). Multiplication occurred after  
24 hours and we also observed that the growth became slower after reaching a specific 
density, for example between 48 hours and 72 hours. It is known that microalgae  
growth slows down after a certain density is reached (Lananan et al. 2013). Therefore, 
the analysis corresponds to the mentioned previous research. In this case, growth is 
slower after 48 hours. 
 

 
Figure 19. Microalgae multiply in droplets over a 72-hour incubation period (Publication III - 
Sanka et al., 2023). 
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d) Microplastic bead encapsulation in droplets 
Microplastic beads are suitable for simulating environmental pollution, which has 
become a serious problem worldwide. Microplastics have some implications in remote 
and marine ecosystems (Horton & Barnes, 2020). In this experiment, we tried to 
encapsulate the beads in droplets to see whether the droplets would remain stable over 
time. As we can see in Figure 20, observation after 24 hours showed different numbers 
of microplastic beads were encapsulated in the droplets. Most of the droplets had three 
to five beads in each droplet but the encapsulation rate showed that the droplet could 
encapsulate from one to 14 bead(s). Moreover, this encapsulation follows the theoretical 
Poisson distribution, which is explained in detail in the Supplementary Information of 
Sanka et al. (Sanka et al., 2023). 
 

 
Figure 20. Droplets with different numbers of microplastic beads are stable overnight (Publication 
III - Sanka et al., 2023). 
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5 CONCLUSIONS 
In this thesis, four important goals were reached. Briefly, each of the important 
conclusions that reflect the aims are described below: 
Aim 1 Provide a droplet detection platform for different droplet experiments. 

- Platform exploration resulted in the discovery of the four most used types 
of user-friendly software (ImageJ, CellProfiler, Ilastik and QuPath).  
The types of software are capable of detecting droplets. The software  
adopt rule-based and machine learning-based principles which help the 
user to perform the pre-processing, processing, and post-processing steps. 
All these types of software are user-friendly and provide simple pipelines 
for non-experienced users. 

- Despite the user-friendliness, each type of software performed differently 
in detecting droplets. Using 64 images, CellProfiler gives the highest 
accuracy and precision. However, ImageJ and QuPath have faster 
processing times. 

Aim 2 Find a suitable platform for droplet classification, which is needed to group 
droplets in experiments. 
- Droplet classification can be performed by grouping average pixel intensity 

through manual thresholding and machine-learning-based classification 
software. 

- In manual thresholding classification, the grouping of two types of droplets 
(e.g., empty and object-encapsulated droplets) can be performed by putting 
a threshold value on the first local minima after the first local maxima. 
Values below threshold indicate empty droplets and values above threshold 
indicate object-encapsulated droplets. 

- Machine-learning-based classification software, such as CellProfiler Analyst, 
is able to classify two types of droplets, e.g., droplets with and without 
bacteria (with fluorescence labels). 

Aim 3 Simplify data analysis of droplet array images, which usually requires image 
analyst and programming skills. 
- Data analysis can be simplified by developing the user-friendly data 

processing and visualization analytical web application EasyFlow. This web 
application eases data processing and the visualization of droplet data 
which are produced by image analysis software. It is open-source and users 
do not need specific hardware. Furthermore, EasyFlow can be used by many 
researchers with no prior experience, and it has a gradual learning curve. 
Additionally, EasyFlow also can host any data that is stored as .csv or .xlsx 
files containing labels, sizes, and signals. 

Aim 4 Develop user-friendly analytical pipelines for different droplet experiment 
scenarios. 
- Different pipelines were developed and tested to perform bacteria-based 

experiments, microalgae growth experiments, and microplastic bead 
experiments. These pipelines work with droplets of the same size 
(monodisperse) and of different sizes (polydisperse). All of the pipelines are 
user-friendly and require no prior image analysis experience or 
programming skills. 
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Abstract 

User-friendly analysis of droplet experiments   
Droplet emulsion techniques have revolutionized high-throughput experiments in 
biological and chemical research. By encapsulating reactions within droplets, researchers 
can achieve parallelization on a massive scale, saving time and effort. This method 
involves the use of immiscible liquids, typically water and oil, with the addition of a 
surfactant to stabilize the droplets. This technique has greatly improved existing 
methods, such as ddPCR and high-throughput drug screening, and has led to 
advancements in molecular detection. However, despite its robustness, the droplet 
emulsion method often requires sophisticated setups, equipment, and custom analytical 
pipelines to understand experimental results. 

Imaging is one of the most accessible methods for data acquisition, especially in 
droplet-based experiments, particularly using brightfield or fluorescence microscopy. 
Although imaging is a widely used method, the analysis of droplet images poses 
challenges due to the need for complex pipelines, which are not always clearly described 
in published articles, as well as programming skills. These obstacles present difficulties 
for new researchers and users without a background in image analysis. 

This doctoral thesis focuses on providing a comprehensive platform for the detection, 
classification, and analysis of droplets in various experiments. The aim is to simplify and 
streamline the process for researchers with different levels of expertise and to develop 
user-friendly analytical pipelines for different droplet experiment scenarios. 

Recognizing the importance of analytical tools for droplet-based experiments, 
especially for users with limited time and resources, this thesis accomplished four goals: 
1) identified the most user-friendly types of software which can be used to detect 
droplets and assessed their performance based on accuracy, precision, and detection 
time, 2) determined two approaches to classifying droplets by manual thresholding and 
the user-friendly droplet classification CellProfilerAnalyst, 3) developed the user-friendly 
analytical web application EasyFlow to process droplet array images, and 4) tested 
analytical pipelines which were developed to analyze bacteria-based experiments, 
microalgae growth experiments, and microplastic bead experiments. These goals 
eliminate the need for complex exploration and enable users to detect droplets or 
objects of interest more easily. 
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Lühikokkuvõte 

Kasutajasõbralik analüütiline lähenemine tilgapõhistele 
katsetele 
Droplet-emulsiooni tehnikad on muutnud suure läbilaskevõimega katsed bioloogilistes 
ja keemilistes uuringutes palju kättesaadavamaks. Reaktsioonide kapseldamine 
tilkadesse võimaldab teadlastel saavutada kõrget katsete paralleelsust, mis omakorda 
säästab aega ja vaeva. Selle meetodi kasutamiseks on vaja segunematuid vedelikke, 
tavaliselt vett ja õli, ning pindaktiivset ainet (surfaktanti), mis stabiliseerib tilgad. Tilkade 
emulsioonitehnika on märkimisväärselt täiustanud juba olemasolevaid meetodeid, nagu 
ddPCR (digitaalne tilkpõhine polümeraasi ahelreaktsioon) ja suure läbilaskevõimega 
ravimite sõelumine, ning võimaldanud olulisi edusamme molekulaardiagnostikas. Siiski 
nõuab tilkade emulsioonimeetod tihti keerukaid lahendusi, spetsiifilist varustust ja 
analüütilisi meetodeid ekperimentide tulemuste analüüsiks. 

Tilgapõhiste katsete tulemuste analüüsimisel kasutatakse tihti pildistamist, näiteks 
helevälja või fluorestsentsmikroskoopiat. Kui pildistamine on laialdaselt kasutatav 
meetod, siis saadud piltide analüüs on keerukam kuna vajab tihti keerukaid meetode, 
mida avaldatud artiklites alati selgelt ei kirjeldata ning kohati ka programmeerimis 
oskust. See tekitab raskusi uutele teadlastele ja kasutajatele, kellel puudub vastav 
pildianalüüsi taust. 

Antud doktoritöö keskendub tervikliku platvormi väljatöötamisele tilkade 
tuvastamise, klassifitseerimise ja analüüsimise jaoks erinevates katsetes. Eesmärgiks on 
lihtsustada ja tõhustada protsessi erineva taustaga teadlastele ning luua 
kasutajasõbralikud analüütilised töövood erinevate katsestsenaariumide jaoks, mis 
kasutavad eksperimentides tilkasid. 

Mõistes analüütiliste tööriistade tähtsust tilgapõhistes katsetes, eriti arvestades 
kasutajatel tihti olevat piiratud aega ja muid resursse, tõi see doktoritöö neli tulemust:  
i) tilkade tuvastamise platvormi erinevate tilkade katsete jaoks, ii) sobiv platvorm  
tilkade klassifitseerimiseks, iii) lihtsustatud tilkade massiivne andmeanalüüs ning  
iv) kasutajasõbralikud analüütilised töövood erinevate katsestsenaariumide jaoks 
tilkades. Nende eesmärkide saavutamisega välditakse vajadust keeruliste analüüside 
järele ning võimaldatakse kasutajatel lihtsamalt tuvastada tilgad ja/või nendes leiduvad 
huvipakkuvad objektid.
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Bartkova, S., Vendelin, M., Sanka, I., Pata, P., Scheler, O. (2020). Droplet image analysis 
with user-friendly freeware CellProfiler. Analytical Methods, 12(17), 2287–2294. 
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Sanka, I., Bartkova, S., Pata, P., Smolander, O.-P., Scheler, O. (2021). Investigation of 
Different Free Image Analysis Software for High-Throughput Droplet Detection. ACS 
Omega, 6(35), 22625–22634. 
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Publication III 
Sanka, I., Bartkova, S., Pata, P., Ernits, M., Meinberg, M. M., Agu, N., Aruoja, V., 
Smolander, O.-P., Scheler, O. (2023). User-friendly analysis of droplet array images. 
Analytica Chimica Acta, 1272, 341397.
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