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ABSTRACT 

 

The increased interest in algae as feedstock for biofuel and high value chemicals, has 

accentuated the need for a more in-depth study of algal cells at the single cell level. Droplet 

microfluidics has been established as a multifunctional platform, with many advantages for 

the study of biological systems in the microscale. In this thesis, droplet microfluidic 

technology was used to optimise and expand the application of a platform designed for the 

study and screening of single algal cells. 

Single Phaeodactylum tricornutum (Pt) cells were encapsulated in microdroplets and their 

growth was monitored over 11 days and was found to be heterogeneous. To limit cell 

sedimentation during encapsulation and to increase the time over which the encapsulation 

procedure could be run, 10% v/v OptiPrep density matching medium was added to the cell 

suspension prior to the encapsulation.  

A fluorescence-activated droplet sorting platform was used to detect the fluorescence of 

encapsulated algal cells. Following modifications to the optics of a previously used platform, 

the fluorescence measurement uncertainty was reduced from 87% to 8%. This improved 

platform was used to detect the chlorophyll fluorescence of encapsulated Pt and Ng (N. 

gaditana) cells, confirming that the screening of cells of different sizes and shapes is possible. 

Chlorophyll fluorescence sorting was used to isolate droplets containing cells from empty 

droplets to overcome the issue of the random encapsulation of the cells in droplets. There 

were no false negatives during the sorting procedure, minimising the loss of cells.  

GFP fluorescence detection was used to sort GFP-expressing Pt cells from a mixture with wild 

type cells. Furthermore, droplet sorting was combined with droplet dispensing to collect 

single GFP-expressing cells and obtain monoclonal cell cultures. Single droplet dispensing 

enables the screening of mutagenized libraries of cells and the selection of potentially rare 

cell clones, which is much harder to achieve using other selection methods. 

To screen cells based on their lipid content, Pt cells encapsulated in microdroplets were 

stained with BODIPY 505/515. The diffusion of the dye to and from the droplets was studied 

by fluorescence imaging. Furthermore, the BODIPY 505/515 fluorescence of the droplets was 
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detected with the laser-induced fluorescence detection platform. Several experimental 

parameters were modified to reduce the high fluorescence background caused by the dye 

dissolved in the oil surrounding the droplets. 

A new cell staining method was developed using micelle/hydrogel composite beads loaded 

with BODIPY 505/515 for dye delivery. The success of this method was assessed with 

fluorescence microscopy and flow cytometry. The flow cytometry results showed that Pt cells 

could be stained by these beads within 30 minutes and that the beads could also stain other 

types of cells, such as Ng cells. The cells could still grow after the staining. The beads were co-

encapsulated with Pt cells in microdroplets to test whether this was a viable solution to the 

issue of leakage of BODIPY 505/515 from the droplets over time.  

With the microfluidic platform established and optimised, it is now possible to transition from 

mainly proof-of-concept experiments on algal cell fluorescence detection, to targeted 

experiments aimed towards answering specific biological questions. 
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CHAPTER 1 

Introduction 

1.1. Algal biotechnology 

In recent years, there has been an increasing interest in microalgae as a source of a wide 

range of chemicals, such as biodiesel, bioethanol, polyunsaturated fatty acids (PUFAs), 

proteins, vitamins, pigments and other compounds of interest.1-3 Considerable efforts are 

currently being devoted to cultivating microalgal cells at an industrial scale and using them as 

raw material for the production of useful compounds. This increased interest in microalgae 

and their products has accentuated the need for a more in-depth study of algal cells at the 

single cell level to further our understanding of the biology of the cells and to identify cell 

strains that are more suited for industrial exploitation. 

1.1.1. Microalgae 

Microalgae are unicellular organisms, found in freshwater or marine environments, that 

contain high levels of oils, carbohydrates, sugars and proteins. There are estimated to be 

200,000 – 800,000 species of microalgae worldwide, although only a small fraction of these 

microalgae have been identified and studied so far, and they display a great diversity in terms 

of their physiology, chemical composition and behaviour.4 Microalgae play a very important 

role globally as they supply more than half of the oxygen in the atmosphere through 

photosynthesis and are also the primary producers of organic compounds in most 

ecosystems.  

As microalgae perform photosynthesis to satisfy their energy needs, they require light, CO2, 

water and inorganic salts as nutrients to sustain their growth. However, they can be grown 

using water resources unsuitable for cultivating agricultural crops, such as seawater or 

wastewater. Therefore, not only do they not take up arable land but also, when grown in 

wastewater, they can help purify water that is not suitable for other purposes. The 

combination of CO2 fixation (during photosynthesis), high biomolecule production and 
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storage and the potential for wastewater treatment, make algae a particularly attractive 

resource for industrial applications.5  

1.1.2. Algal biofuel 

The reduction in fossil fuel levels over time, as well as the negative environmental effects 

associated with their use, have led to a concentrated effort to develop new and more 

environmentally friendly fuels. The generation of biofuels is part of this effort, as numerous 

studies have deemed that they are a viable alternative to fossil fuels and they have the 

potential to be carbon neutral.6,7 Liquid biofuels are of particular interest, since they can be 

more easily integrated into the infrastructure currently used for traditional fossil fuels, 

especially in the transport sector. 

Biofuel derived from various agricultural crops such as corn, sugarcane, soybean and 

rapeseed have been in development for several decades and are now commercially available. 

However, there are considerable concerns over the use of land-based crops for fuel 

production. A major argument against the culture of plants for energy harvesting is that these 

plants take up valuable arable land which is needed to cover the nutritional needs of the 

rapidly increasing World population.8 With this issue in mind, research began into establishing 

new biofuel sources that do not take up arable land. As part of this effort, the production of 

biofuel from algae was proposed.9 

Besides not competing with crops for arable land, microalgae display several characteristics 

that make them a good biofuel source, such as much faster growth rates than land-based 

crops, lower water consumption, the ability to use the CO2 generated by industry as carbon 

source and high lipid content.10 

Biofuel generated by microalgae include ethanol, hydrogen, methane and syngas,11 however 

one of the main fuels that can be derived from algae is biodiesel. Biodiesel is produced 

through the extraction of the intracellular lipids of the cells and the transesterification of the 

triglycerides with an alcohol, mainly methanol (figure 1.1). This reaction is an equilibrium, but 

by adding a large excess of methanol the methyl esters (biodiesel) can be produced at more 

than 98% yield.12 
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Figure 1.1: Transesterification of triglycerides to produce methyl esters (biodiesel), adapted 

from ref.12. 

Biodiesel generated from vegetable oil or animal fat is currently one of the most common 

biofuels worldwide, second only to bioethanol in total energy production. In 2019, 47.4 billion 

litres of biodiesel were produced, accounting for approximately 35% of the global biofuel 

production.13 It is distributed in the market either on its own or blended with petroleum diesel 

and is increasingly used as transportation fuel.8 Currently, the generation of biodiesel from 

algal lipids is not economically viable, however, it is a more sustainable alternative to 

vegetable oil and animal fats.  

1.1.3. Generation of high value products from microalgae  

Despite extensive efforts into cultivating algae and generating algal biofuel on an industrial 

scale, the production of algal biofuel does not appear to be economically viable, due to the 

high costs of the extraction process and the lower than required lipid production from algal 

cells. This has led researchers to investigate other possible uses of algae and their products, 

to improve the economics of algal biorefineries. Algae can produce a range of high value 

products, including pigments, such as carotenoids and chlorophyll, poly-unsaturated fatty 

acids (PUFAs), various vitamins, such as vitamin A, B1, B2, B6, B12 and C, as well as proteins 

and antioxidants.8,14 There is, therefore, considerable interest in the exploitation of algae by 

the nutritional, cosmetic and pharmaceutical industries. The production of such chemicals is 

more economically viable, so if it could be combined with biofuel production, an industry 

based on microalgae cultivation would be much more sustainable.15  

1.1.4. Lipid biosynthesis in algae 

Due to the large variations in morphology and in the habitats that microalgae occupy, the 

composition of microalgal lipids is also very diverse,16 especially when compared to the lipid 

composition of higher plants.17 This lipid composition changes over a cell’s lifetime depending 
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on factors such as the cell growth phase, the culture age and the environmental conditions.17 

Algal lipids usually include, for the most part, neutral lipids, polar lipids, sterols, wax esters 

and hydrocarbons,17 with the different lipids performing important functions in the cell. 

Under favourable growth conditions, microalgae will primarily synthesise fatty acids to form 

polar membrane lipids. These lipids take up 5 – 20 % of the dry cell weight and they are in the 

form of glycolipids and phospholipids.17,18 However, if the cells are exposed to unfavourable 

conditions, the growth of the cells will halt and they will change their metabolic pathways to 

start producing neutral lipids, mainly triacylglycerols (TAGs), which accumulate in the 

cytoplasm of the cells in the form of lipid bodies. The TAGs act as a carbon and energy storage 

for the cells.17 TAG accumulation will also take place in most cell strains when the stationary 

phase of growth is reached.17,19 

1.1.4.1. Polyunsaturated fatty acids (PUFAs) 

Many algae, mainly marine microalgae, are an important source of ω-3 and ω-6 

polyunsaturated fatty acids (PUFAs), mainly EPA and DHA (figure 1.2). Both EPA and DHA are 

ω-3 fats that are essential components of higher eukaryotes. Both fatty acids are a crucial 

part of the human diet due to the health benefits that they offer. DHA is important for the 

proper development of the eyes and the brain, while both EPA and DHA support good 

cardiovascular health, as well as supporting the brain and the nervous system.20 

 

 

 

Figure 1.2: The chemical structures of A) EPA and B) DHA. 

EPA and DHA are high value lipids which are traditionally obtained from fish and fish oil for 

use in dietary supplements, however, there is significant interest into exploring alternative 

sources of EPA and DHA, due to the gradual depletion of marine fish supply and the increasing 

risk of fish oils containing high levels of pollutants.21 

 

A 

B 
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1.1.5. Strategies to improve lipid accumulation 

Several approaches are considered by researchers to enhance the production of lipids by 

microalgae. One such approach is the careful control over the cell culture conditions, as these 

affect the quantity and composition of the algal lipids.19 Conditions, such as nutrient 

limitation, increased CO2 supply, variation in light intensity, temperature and salinity can 

result in enhanced lipid production.22 As some of these conditions can be harmful to cell 

growth, a two-stage cultivation strategy has been proposed,23 whereby the microalgae are 

initially cultured under conditions optimal for cell growth to obtain maximum biomass and in 

the next stage they are exposed to culture conditions that trigger lipid accumulation. Other 

novel alterations that have been proposed to culture conditions include the use of 

phytohormones to promote cell growth, such as indole-3-acetic acid, kinetin and abscisic 

acid,24 the addition of various chemicals to the cell cultures, such as azide25 or surfactants,26 

the use of LEDs, dyes or paints to improve the light conditions27,28 and the co-cultivation of 

microalgae with bacteria or yeast, as a possible symbiotic relationship between the two 

species could enhance microalgal cell growth.29 

Another major strategy is the use of genetic engineering to generate new cell strains that 

display superior characteristics, such as enhanced growth rate or enhanced lipid production.30 

Furthermore, by modifying the biosynthetic pathways of the cells the composition of the algal 

lipids can be controlled and fatty acids of specific chain length or saturation levels can be 

obtained.30 

The ratio of saturated to unsaturated fatty acids contained in microalgae is an important 

factor that determines if they are suitable as feedstock for biodiesel. Biodiesel generated from 

microalgae with lower saturated fatty acid content displays better cold temperature 

properties. On the other hand, biodiesel from microalgae with a high amount of unsaturated 

fatty acids oxidises more easily than conventional diesel affecting engine performance.19 

1.1.6. Microalgae used in this project 

1.1.6.1. Phaeodactylum tricornutum 

The alga mainly used throughout this project was the marine diatom Phaeodactylum 

tricornutum (Pt) (figure 1.3). It is a model diatom and is therefore extensively studied by 

researchers. The genome of Pt has been fully sequenced, and several methods have been 
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applied to achieve the genetic transformation of Pt cells.31,32 Pt can exist in different 

morphotypes – fusiform, triradiate or oval.33 The cells used in this project were fusiform and 

approximately 20 μm in length. Pt cells have a doubling time of just one day and can 

accumulate large amounts TAGs, particularly in response to nutrient stress, which has led 

researchers to consider Pt as a major candidate for use in biofuel production. The cells can 

store lipids corresponding to 20-30% of the dry cell weight under standard culture 

conditions.12 Besides TAGs, Pt is a major producer of PUFAs, mainly eicosapentaenoic acid 

(EPA), which constitutes up to 30% of its lipid content,34 but also small amounts of 

docosahexaenoic acid (DHA).  

Both characteristics make Pt a good candidate for use in high-value lipid production.35 An 

additional advantage is that Pt is a marine alga and seawater is the most readily available and 

economic medium for algal cultivation. The growth of Pt cells in bulk has been extensively 

studied to determine the growth conditions that are optimum for lipid production36,37 as well 

as the response of the cells to stress conditions, such as nitrogen38-40 or light limitation.41 

Several methods to extract the lipids have also been considered, such as solvent extraction,42 

ultrasound-assisted extraction and microwave-assisted extraction.43 

 

Figure 1.3: Image of fusiform P. tricornutum cells at 64x magnification. 

1.1.6.2. Nannochloropsis gaditana 

N. gaditana (figure 1.4) is a marine microalga which is a well-known source of EPA44 and 

whose relatively high growth rates44 and high TAG productivity (38% of its dry weight)45 also 

make it a strong candidate for use in biodiesel production.46 While it has not been studied as 

extensively as Pt, its genome has been sequenced47 and genetic transformation of Ng cells 
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has been demonstrated.47,48 The response of Ng cells to stress conditions such as nitrogen 

limitation45,49 and different light conditions50 has been studied. Ng cells are spherical, with a 

diameter of approximately 2 μm. 

 

Figure 1.4: Image of N. gaditana cells at 64x magnification. 

1.1.7. Single cell studies 

The microalgae that are sought for algal lipid production at an industrial scale should ideally 

display a combination of the following attributes: high growth rates, high lipid content, ease 

of harvest and extraction,7 tolerance of unfavourable environmental conditions such as high 

salinity, high temperatures and high light intensities and the production of by-products of 

commercial value.18 To identify cell strains that display these favourable characteristics the 

screening of a large number of algal strains, either naturally occurring or genetically 

engineered, is required. 

The conventional method used to screen algal cells based on their lipid content requires the 

extraction of the lipids using a solvent, followed by separation, concentration and gravimetric 

determination.51 Despite its high accuracy, this method cannot be used for large scale 

screening of cell strains as it is time and labour-intensive and requires a substantial cell sample 

(more than 10-15 mg cells).18 As it is also a bulk method, potentially critical information on 

the behaviour of the cell strains at the single cell level is lost. 

Increasingly, single cell methods are used to study microalgae since they can reveal 

information about the heterogeneities in cell behaviour and the large variation that can occur 

within cell cultures. With the development of appropriate fluorescent tags and dyes, 
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fluorescence microscopy is now frequently used to study single algal cells in vivo.52 

Epifluorescence and confocal microscopy are high-resolution methods which can be used to 

study intracellular processes with high accuracy. When combined with automation and fast 

image analysis, the fluorescence of thousands of single cells can be assessed.53 

Flow cytometry is also widely used to assess the light scattering and fluorescence of large 

populations of microalgae. In flow cytometry, a cell suspension is hydrodynamically focused 

to flow past a laser beam one cell at a time.  Light scattering and fluorescence data of 

individual cells are then collected at a high throughput as they pass through the beam (figure 

1.5). In algal research, flow cytometry has been used to monitor the cell cycle, enzymatic 

activity, and the viability of microalgae. It has also been used to identify cells with high 

pigment (chlorophyll, carotenoid) or high lipid content.54 Flow cytometry can be further 

combined with fluorescence-activated cell sorting to isolate cells of interest.54,55 

 

Figure 1.5: Flow cytometer operating principle, adapted from Diaz et al.56 Through 

hydrodynamic focusing a single stream of cells is formed which passes through a laser beam. 

The scattered light and the fluorescence emitted by each cell are collected and split by a group 

of filters and mirrors according to wavelength. The light signals are then sent to separate 

detectors. 
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More recently, microfluidic systems and techniques have been applied to the algal 

biotechnology field to scale down cell cultures and enable high throughput single cell analysis 

and manipulation.57,58 

1.2.  Droplet microfluidics 

In the past three decades, advances in the instrumentation available have made possible the 

miniaturisation of analytical systems. The availability of such miniaturized systems has led to 

the development of microfluidics, a multidisciplinary research field which enables the study 

of chemical and biological systems in very small volumes.59-61 

Scaling down reactions and processes and working with much smaller reagent volumes on a 

microfluidic chip offers multiple advantages. Firstly, as smaller volumes of chemicals are used, 

it can lead to significant reductions in research cost, as well as in the amount of waste 

generated.60 At the same time, it drastically reduces the time needed to process and analyse 

large chemical or biological assays. Furthermore, the small size and the customisability of 

microfluidic devices allows for their easy integration into larger systems. 

Single phase microfluidics involves the laminar flow of reagents through microfluidic 

channels. While useful for a variety of applications, there are several disadvantages which 

arise from the laminar flow regime which are detrimental in some applications, such as Taylor 

dispersion, the interaction of the solute with the surface of the microfluidic channels and 

cross-contamination which might arise due to interaction of the samples with the channel 

walls.62 

Droplet microfluidics is a subset of microfluidics which has been developed to overcome the 

shortcomings of single-phase microfluidics. It involves the generation and manipulation of 

large numbers of droplets in microfluidic channels. The droplets are isolated from each other 

by an immiscible carrier phase (also known as the continuous phase) which acts as a barrier, 

stopping diffusion between the droplets from taking place, so each of the droplets can be 

regarded as a discrete miniature reaction vessel.63 The droplets can be either oil-in-water 

(o/w) or water-in-oil (w/o) droplets depending on the required application. More complex 

emulsions, such as double emulsions or multiple emulsions, can also be generated due to the 

tunability and reproducibility offered by microfluidic methods. 
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1.2.1. Droplet microfluidics for single cell analysis 

One particularly powerful application of droplet microfluidics is their use in the study of single 

cells. The individual w/o droplets formed in the microfluidic channels serve as an ideal method 

to separate and isolate cells.59,64 The droplet generation methods used in droplet 

microfluidics enable the high throughput encapsulation of cells in droplets of tuneable size. 

The microdroplets act as microscale bioreactors, within which single cells can be monitored 

and analysed. The microdroplets, and the cells contained within, can be further manipulated 

by taking advantage of various droplet operations, such as droplet fusion and fission, droplet 

mixing and droplet sorting65 (figure 1.6). The droplets can be analysed and screened at a high 

throughput and without the risk of contamination of the cells at any point during the 

experiment. At the same time, the environment of the cells can be more closely controlled, 

and a variety of experiments can be conducted, which would not be feasible through single 

phase microfluidics. As a result, complex biological assays can be performed on-chip. 

By using only biocompatible reagents and materials, the viability of the encapsulated cells can 

be preserved. A fluorinert oil, such as Novec 7500 or FC-40, is usually used during droplet 

generation as the continuous phase. Fluorinert are stable fluocarbon-based oils that are 

noted for their high gas solubility.72 The encapsulated cells can stay alive in the droplets for 

several days, as the oil prevents the contents of the microdroplets from diffusing, but still 

permits the diffusion of gases to and from the cells.73  

Single cell experiments that have been performed using droplet microfluidics include, and are 

not limited to, the study of cell growth74 and cell-to-cell interactions,75 cell lysis,76,77 the 

detection of molecules secreted by the cell,78-81 as well as molecules within the cell,82,83 

cytotoxicity studies,78,84 cell transfection,85,86 single cell PCR87,88 and single cell sequencing.89 
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Figure 1.6: A) Mixing of the contents of microdroplets by chaotic advection as the droplets 

move through a winding microfluidic channel, adapted from ref.66, B) passive droplet fusion 

in an expanded channel, where two droplets collide, relax and separate again, leading to 

destabilisation of the droplet interface, adapted from ref.67, C) droplet trapping on-chip in an 

array of individual droplet traps, adapted from ref.68, D) passive droplet splitting occurring 

as droplets flow into a series of T-junctions where they are split into two side channels, 

adapted from ref.69, E) droplet sorting in a Y-shaped junction triggered by the application of 

an electric field – when the field is applied the droplets are deflected into the positive channel, 

while in the absence of an electric field, the droplets flow into the negative channel due to 

lower hydraulic resistance, adapted from ref.70, F) pico-injection of a new reagent into 

droplets triggered by the application of an electric field, adapted from ref.71. 

1.2.2. Droplet generation 

To generate monodisperse water-in-oil microdroplets, three different types of microfluidic 

device have been used. The first type of device is a T – junction, an example of which is shown 

in figure 1.7A. In this device, the aqueous phase is injected into the oil stream perpendicularly, 

resulting in the formation of aqueous droplets at regular intervals.59  

The second type of device relies on flow-focusing for droplet generation (figure 1.7B). The 

flow-focusing geometry requires there to be two oil streams intersecting the aqueous stream. 

A 

B 

C

 

D

 

E
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The three converging streams subsequently flow through an orifice and the forces applied on 

the aqueous phase by the oil result in droplet formation downstream of the orifice.59 

The third type of device used to generate microdroplets is a co-flowing device (figure 1.7C). 

In this approach, the aqueous phase is introduced into the co-flowing continuous phase using 

a microcapillary.90 Other approaches to droplet formation have also been demonstrated 

which rely on the application of an external force to generate droplets on demand, for 

example using SAW91 or an electric field92 to trigger droplet formation and release. 

                 

Figure 1.7: Microdroplet generation by A) a T-junction, B) a flow-focusing device, C) a co-flow 

device. The continuous phase is depicted in yellow, while the dispersed phase is shown in 

blue. The arrows indicate the direction of flow. Adapted from ref.93. 

All three of the above usually-used methods result in the formation of microdroplets with less 

than 1–3% size dispersity.59,91,94 Depending on the flow rates of the converging streams, 

droplet generation frequencies higher than 10 kHz can be achieved.95 A surfactant that is 

added to the oil stream, helps control the interfacial tension and prevents droplet 

coalescence from taking place.59 The size and properties of the generated microdroplets can 

be controlled by careful selection of the surfactant, the relative dimensions of the intersecting 

microfluidic channels and the relative flow rate of the two phases.93 

1.2.3. Cell encapsulation in microdroplets 

By suspending a cell sample in the aqueous phase during the droplet generation procedure, 

the cells can be easily encapsulated into microdroplets. However, as the flow of the cells in 

the microfluidic channel during the droplet generation is random, the number of cells within 

each of the generated droplets is defined by Poisson statistics96 (figure 1.8). The probability 

of a droplet containing a certain number of cells is therefore defined as: 

 

A B C 
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𝑃(𝑋 = 𝑘) =  
𝑒−𝜆𝜆𝑘

𝑘!
 

where λ is the mean number of cells per droplet and k is the number of cells. This, 

unfortunately, means that to obtain droplets that contain only one cell a lot of empty droplets 

are generated, along with a few droplets that contain multiple cells. This is particularly 

undesirable in single cell studies since it results is a drastic increase in the time needed to 

screen a cell sample.  

   

Figure 1.8: A) Random encapsulation of hybridoma cells in 33 pL droplets using a flow-

focusing device, B) image of the generated droplets containing hybridoma cells (cells 

indicated by the arrows), adapted from ref.97, C) plot of the probability P(X = k) of finding k 

cells in each droplet for different λ values. 

Alternative encapsulation methods have been proposed to eliminate Poisson statistics and 

improve the cell encapsulation efficiency. Edd et al.98 proposed taking advantage of the self-

organisation of cells when they flow rapidly through a high aspect-ratio microfluidic channel. 

Due to the even spacing between the cells under these conditions, a more ordered 

encapsulation can be achieved, resulting in ~80% of droplets containing single cells when a 

high-density cell suspension is used. A spiral channel has also been used to improve 
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encapsulation efficiency by using an inertial effect to order cells before encapsulation.99 This 

method resulted in ~77% of droplets containing single cells. As considerable time and effort 

would be required to optimise these methods of encapsulation for new applications, they 

were not adopted in this thesis. 

1.2.4. Analysis of microdroplet content 

A great advantage of droplet microfluidics is that it can be combined with a range of analytical 

methods to analyse the contents of microdroplets in real time. The ability to probe the 

content of microdroplets qualitatively and quantitatively is vital for the conduction of 

chemical or biological assays in the droplets.63 However, the very small volumes and low 

concentrations of the analytes in the microdroplets often make detection and analysis very 

challenging.100 

Fluorescence-based methods are the most commonly used analytical methods in droplet 

microfluidics61,71 due to their high sensitivity and selectivity.61,63 Furthermore, fluorescence 

detection is ideally suited to probe the content of large numbers of droplets in a short 

timeframe as fluorescence measurements can be performed on a sub-millisecond 

timescale.61 However, since fluorescence-based methods can only be used when 

fluorophores are available, other analytical methods have also been considered. Droplet 

microfluidics has been coupled with mass spectrometry101,102 to analyse complex samples of 

small molecules and biomolecules. SERS (Surface Enhanced Raman Scattering) is also a 

promising technique that could be combined with droplet microfluidics to further increase 

the detection sensitivity.103,104 

1.2.5. Droplet sorting 

Once the contents of each droplet have been determined, it is often necessary to isolate 

droplets that have a specific constitution or specific desirable properties from the rest of the 

droplets to be studied separately. To satisfy this need, droplet sorting technology was 

developed. 

A variety of methods has been applied to achieve the separation of microdroplets into 

subpopulations. Sorting platforms have been designed which rely on magnetic fields,105 

acoustic waves106 or valves107,108 for droplet actuation. However, the majority of microdroplet 
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sorting platforms rely on dielectrophoresis to induce droplet separation.109,110 The principle 

behind this approach is that an electric field is applied on the droplets which have a different 

dielectric constant to the continuous phase. As a result, a net force acts on the droplets and 

redirects them. Using this method, higher sorting speeds have been achieved than through 

the other methods tested,110 with sorting frequencies of up to 30 kHz having been 

reported.111 

The first instance of microfluidic droplet sorting using dielectrophoretic force to redirect 

droplets was reported in literature is by Ahn et al. in 2006.109 They designed a microfluidic 

device which had electrodes at a different layer than the microchannels through which the 

droplets would flow. These electrodes could be activated on demand and, by applying a 

dielectrophoretic force on the droplets flowing past, they would redirect droplets towards a 

different microfluidic channel. Through subsequent modifications to the electrode and the 

sorting device design, sorting efficiency has been significantly improved.110 

By combining analytical methods with droplet sorting technology, high throughput screening 

of microdroplets based on their content can be achieved. FADS (Fluorescence-Activated 

Droplet Sorting) is an example of one such platform, which combines droplet microfluidics 

with the traditional fluorescence-activated cell sorting (FACS) (figure 1.9). It was first 

developed in 2009 by Baret et al.70 who used it to sort E. coli based on their enzymatic activity. 

It is a very versatile technique that is capable of separating droplets with higher fluorescence 

without damaging the droplets or their contents. 

To screen and sort the droplets based on their fluorescence, they are reinjected into a 

specifically designed sorting device. Spacing oil is used to adjust the distance between the 

droplets, which flow through a microfluidic channel and are subsequently intercepted by a 

laser beam. If the droplets contain fluorophores, then excitation will take place and the total 

fluorescence emitted by the droplet will be measured by a photomultiplier tube (PMT). The 

droplets will then flow towards the sorting junction and down the slightly wider ‘negative’ 

channel which has a lower hydraulic resistance. However, if the fluorescence signal detected 

by the PMT is above a certain threshold value, an electric pulse will be generated by the 

electrodes in the sorting device and an electric field will be applied in the microfluidic channel. 

As a result, a dielectrophoretic force will be exerted on the microdroplets which is enough to 
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redirect them towards a separate ‘positive’ channel. In this way, droplets that show higher 

fluorescence can be isolated from the rest. 

      

Figure 1.9: A) Trajectories of droplets passing past the sorting junction in the presence and 

absence (inset) of an electric field was applied across the electrodes (the scale-bar 

corresponds to 100 mm), B) Diagram of the optical and electronic setup for a FADS system. 

The beam emitted by the laser (LAS) is shaped into a laser line (LL) and transmitted through a 

microscope to the microfluidic sorting device (CHIP), where it excites the droplets as they flow 

past. The fluorescence emitted by the droplets is reflected by the dichroic beam splitter (DBS) 

to the PMT via a bandpass filter (F2). The signal recorded by the PMT is sent to a computer 

via a data acquisition (DAQ) card, to an oscilloscope for further monitoring and to a pulse 

generator, which triggers a square pulse when the fluorescence signal is above a certain 

threshold. The sorting procedure is monitored by a high-speed camera (CAM). Adapted from 

ref.70. 

Droplet subpopulations that are selected through droplet sorting can be collected off-chip for 

subsequent analysis. The collected cells can be analysed in-droplet or they can be extracted 

from the droplets by the addition of perfluorooctanol (PFO) which disrupts the surfactant 

layer surrounding the droplets breaking them apart. The cells can then be transferred to 

plates to obtain cell cultures. 
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Droplet sorting has been used as an alternative method to isolate droplets containing cells 

from empty droplets after droplet generation. It can be applied to enrich the droplet pool 

with droplets that contain cells after the random cell encapsulation process. Best et al.82 used 

fluorescence detection and sorting to successfully separate droplets containing C. reinhardtii 

cells from empty droplets based on the inherent chlorophyll fluorescence of the encapsulated 

cells. Some other sorting approaches used were the sorting of droplets based on their size in 

cases where droplets containing cells were larger than empty droplets112,113 or image-based 

cell sorting, in which microscopy images of the droplets were captured and processed prior 

to sorting.114 

In the case of single cell studies, individual droplets of interest can be isolated for further 

study off-chip by combining droplet sorting technology with droplet dispensing. During this 

process, the droplets, which are selected through droplet sorting, are directed towards an 

outlet nozzle and from there they are dispensed into the wells of a well plate,115 or they are 

be printed and immobilised on a substrate where they can be studied individually116 (figure 

1.10). The well plate or substrate is controlled by a mechanised stage for high-throughput 

automated dispensing. Accurate droplet selection and dispensing are hard to achieve, and 

they require a suitable software and hardware control system.81 Droplet dispensing is 

invaluable in applications such as cell line development, where it can be used to obtain 

monoclonal cell cultures from single cells of interest.81 

 

Figure 1.10: Single droplet printing on an oil moat substrate, adapted from ref.116. The 

printer consists of a droplet sorting platform connected to a print nozzle that automatically 

dispenses selected microfluidic droplets to a substrate under a cover of oil.  

1.3. Thesis overview 

The increased interest in algae as feedstock for biofuel and high value chemicals, has 

accentuated the need for a more in-depth study of algal cells at the single cell level, to obtain 
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more information about the physiology and the behaviour of the cells and to identify cell 

strains that are more suited for industrial exploitation. The aim of this project was to develop 

a platform based on droplet microfluidics which can be used for the high throughput analysis 

and screening of algal cells, mainly focusing on the identification of algal cells which display 

superior lipid production.  

While such a platform would have significant industrial potential, it would primarily be 

beneficial to researchers interested in algal biology and biotechnology. It would serve as a 

novel toolbox, which could be applied in the study of single algal cells to reveal potentially 

unknown information about algal cells. To be useful in this fashion, however, the platform 

must meet several requirements. Primarily, it must generate quantitative and reproducible 

experimental results. Furthermore, it must be robust and relatively straight-forward to use, 

even for researchers who are not familiar with microfluidic technology. Finally, it must be 

suitable for a range of different experiments, which cannot be easily performed through 

currently available methods and instruments. With these requirements in mind, the following 

objectives were set for this thesis: 

(i) To improve the performance of an established droplet-microfluidic platform which 

can be used to study single algal cells.74,82 

(ii) To improve the accuracy and the screening capabilities of a fluorescence-based 

platform which can be used to sort encapsulated algal cells based on useful 

fluorescence properties, such as chlorophyll fluorescence and GFP fluorescence 

and to expand the application of this platform to screen encapsulated cells based 

on their lipid content. 

(iii) To test whether droplet sorting can be combined with droplet dispensing to collect 

single algal cells of interest and obtain monoclonal cell cultures. 

(iv) To develop a new staining method to improve the delivery of BODIPY 505/515, a 

lipophilic dye, to algal cells, whether they are in a bulk solution or encapsulated in 

droplets. 
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CHAPTER 2 

Single microalga encapsulation in microdroplets 

2.1. Introduction 

The application of microfluidics to study algal cells has gained a lot of momentum in recent 

years, as it has become apparent that microfluidics facilitates the study of single cells and 

could potentially reveal previously unknown information about their behaviour.58 

Microfluidic systems serve as a useful platform to isolate algal cells and to study them in a 

controlled environment. They offer multiple advantages over the traditional methods used to 

study algal cells, which require the use of bioreactors, flasks, Petri dishes or well plates. In 

bulk studies, the data obtained correspond to the average of all the cells in the culture and it 

is assumed that all cells behave in a similar manner. By using microfluidics to isolate single 

cells, the cells are studied individually and their independent behaviours together with the 

heterogeneities in their behaviour are revealed.74,117 Furthermore, the environment of 

individual cells can be carefully controlled allowing the study of the impact of various culture 

conditions on the cell growth, the cell morphology and the accumulation of metabolites in 

the cells.58  

A number of microfluidic methods and devices have been used to isolate and study microalgal 

cells and they can be classified into three different categories: single-phase microfluidics, 

droplet microfluidics118 and hydrogel droplet microfluidics (for the generation of 

microcapsules and hydrogel beads). These are analysed in some detail below. 

2.1.1. Single-phase microfluidics 

Single-phase microfluidic devices, that have been used to study microalgae, usually consist of 

arrays of microscale compartments or trapping modules, which are used to isolate the cells. 

In these devices, the cells can be cultured and analysed under different conditions over 

several hours or days. Some initial attempts to study single algal cells on chip were made using 

single phase microfluidics, as far back as 2003. Matsumura et al.119-121 (figure 2.1A) trapped 

C. reinhardtii cells in microchambers etched on a glass slide in order to monitor the cell 

division process and perform measurements of the cell size and division time. Optical 
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tweezers were used to handle the cells, increasing the complexity of the system and making 

it difficult to scale-up. 

Several other groups have, since then, developed their own microfluidic devices to immobilise 

and study microalgae on-chip. Ai et al.122 (figure 2.1C) designed a PDMS – glass hybrid 

microwell device to track the flagellar length of C. reinhartii in real time. The impact of various 

environmental factors, such as the pH, on the flagella of the cells was investigated.  

Multiple microfluidic devices have been developed to study C. reinhardtii, due to its role as a 

model organism for research in cell biology. Different designs used included C-shaped growth 

chambers (figure 2.1B),123 microfluidic perfusion chambers124 and agarose-based 

microchambers.125 These devices enabled the study of the immobilised cells under different 

culture conditions, such as different sodium acetate (carbon source)123 and ammonium 

(nitrogen source) concentrations.125 These compounds act as the organic carbon source and 

the nitrogen source, respectively. The effect of the different conditions on the growth rate, 

the chlorophyll content and the lipid content of the C. reinhardtii cells was examined.  

Besides nutrient limitation, the effect of the illumination conditions on cell growth was also 

examined. A microfluidic device composed of microchamber arrays was combined with a 

pixel-based irradiance platform to test the effect of a variety of illumination conditions of the 

growth of S. elongatus cells. This irradiance platform could accurately control the illumination 

intensity, the wavelength, as well as the variation of light intensity over time.126 Kim et al. 

designed a multilayer microfluidic device which contained traps for cell capture.127 This device 

was used to study the effect of different light conditions on the growth and the lipid content 

of B. braunii. They also designed a more sophisticated microfluidic device consisting of 1024 

trapping modules that could be individually controlled (figure 2.1D). Within each of the 

modules they were able to capture a single C. reinhardtii cell and study the growth rate and 

the lipid content of each cell. They were then able to selectively release specific cells of 

interest from the traps to collect them off-chip.128  

Overall, a variety of single-phase microfluidics devices have been used to culture and study 

algal cells.  While these devices enable the study of individual cells, some issues might arise 

from cross-contamination.58 A significant limitation of these devices can be the difficulty of 

extraction of the cells from the devices for further study both on and off-chip. 
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Figure 2.1: Α) Studying the division process of C. reinhardtii single cells in microchambers on-

chip, adapted from ref. 119, Β) monitoring the growth of C. reinhardtii cells in C-shaped 

growth chambers, adapted from ref. 123, C) tracking the flagellar length of C. reinhartii in real 

time in a microwell device, adapted from ref. 122, D) monitoring the growth of C. reinhardtii 

cells capsured in trapping modules, adapted from ref. 128. 

2.1.2. Droplet-based microfluidics 

An alternate way of isolating algal cells is their encapsulation in microdroplets. The use of 

microdroplet technology to study algal cells offers unique advantages over the single-phase 

methods previously mentioned. The cells can be isolated with high throughput and studied in 

an environment which mimics the culture conditions used in bulk cultures, while at the same 

time avoiding contamination and providing full control over the cellular environment. In 
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addition, the microdroplets can be further manipulated on chip, enabling operations such as 

cell sorting.65 

A droplet microfluidic platform for the encapsulation and study of single algal cells was 

developed by Pan et al.74 They encapsulated single algal cells in microdroplets to track their 

growth within the droplets over 10 days. Three species of green algae were studied: 

Chlamydomonas reinhardtii, Chlorella vulgaris and Dunaliella tertiolecta. The droplets were 

collected within PDMS reservoir devices and they were imaged over time (figure 2.2A) to 

monitor the change in the number of encapsulated cells and to generate cell growth curves 

(figure 2.2B). Different growth conditions, such as nutrient limitation (figure 2.2C), pH and 

salinity, and different encapsulation parameters, such as droplet size and initial number of 

encapsulated cells, were tested and their impact on the encapsulated cells was studied.  

 

         

Figure 2.2: Studying the growth of C. reinhardtii cells encapsulated in microdroplets over one 

week: A) imaging of droplets incubating in a reservoir device, B) number of cells per droplet 

over time, C) effect of different nitrate concentrations on the growth of C. vulgaris, adapted 

from ref.74. 
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A variety of studies has been conducted on microalgae using droplet microfluidics. The growth 

kinetics and cell size distribution of C. vulgaris cells were investigated in nanolitre-size 

droplets. The droplets were formed by flowing the cell sample into specially designed 

microfluidic traps and generating static droplet arrays which could be stored on-chip for more 

than a month (figure 2.3B).129 Sung et al. used a microfluidic device containing micropillars to 

immobilise and monitor microdroplets over 120 hours (figure 2.3A).130 This platform was used 

to study the growth of C. vulgaris within the droplets under different CO2 concentrations and 

under different light intensities. The effect of light intensity, temperature variation and nitrate 

limitation on the growth and the metabolic profile of C. vulgaris has also been studied using 

droplet microfluidics.131,132 

 

Figure 2.3: A) Monitoring of C. vulgaris growth in microdroplets immobilised by a reservoir 

device containing micropillars, adapted from ref.130, B) growth of C. vulgaris cells in 

microdroplets immobilised by microfluidic traps, adapted from ref.129. 

A unique advantage that droplet microfluidic platforms have over single-phase microfluidics 

is the ability to manipulate the cells and their environment more accurately when they are 

encapsulated in the droplets. This enables researchers to perform a range of experiments that 

would otherwise be much more difficult to perform, such as co-encapsulation experiments or 

cell sorting after incubation. For example, Lagus et al.133 used droplet microfluidics to co-

encapsulate two different strains of C. reinhardtii in microdroplets, one cell of mating-type 

plus and one cell of mating-type minus C. reinhardtii. They then monitored the mating of the 

two cells within the droplets under nitrogen starvation conditions. The encapsulated cells 

could survive within the droplets for 17 days. C. reinhardtii cells were encapsulated in 150 nL 

droplets to study the cell growth kinetics of the Chlamydomonas cells over 140 hours. The 

A B 



CHAPTER 2 Single microalga encapsulation in microdroplets 

24 
 

droplets were subsequently screened based on the chlorophyll fluorescence of the 

encapsulated cells and subpopulations of the cells were collected for further testing.134 

2.1.3. Hydrogel droplet microfluidics 

A further advantage of droplet microfluidics is that the microdroplet generation techniques 

can be combined with polymer chemistry, giving rise to new methods of isolating and studying 

algal cells. By encapsulating the cells in micromaterials, such as microcapsules or hydrogel 

beads, the encapsulated cells can be protected from outside contamination while still getting 

the nutrients that they need.135 The cells that are encapsulated in this fashion can also be 

studied with techniques such as FACS (Fluorescence Activated Cell Sorting), which are not 

usually compatible with the encapsulation oil used to generate the droplets.136  

Morimoto et al. developed a method of encapsulating C. reinhardtii cells within semi-

permeable alginate-poly-L-lysine (PLL) microcapsules (figure 2.4B).135 Since the membrane of 

the microcapsules was semi-permeable the cells could still get all the necessary nutrients 

from their environment, but they were kept isolated and safe from other microorganisms and 

contaminants. The cells could still grow and move around within the microcapsules. Chlorella 

vulgaris, Chlamydomonas sp., and Botryococcus braunii cells have also been encapsulated in 

alginate microcapsules (figure 2.4A), so that their lipid content could be studied.137 

E. gracilis and C. reinhardtii single cells were encapsulated in gelatin microdroplets and their 

growth within the droplets was monitored (figure 2.4C).136 The gelatin droplets were kept 

liquid during this time by keeping the culturing temperature constant between 25 and 30 °C. 

However, when the droplets were incubated at 4 °C they would undergo a sol–gel transition. 

The solid hydrogel beads could then be transferred to an aqueous solution to be screened 

based on their fluorescence using FACS.  

Co-encapsulation experiments have also been performed in gel microdroplets. Chlorella 

sorokiniana cells were co-encapsulated with various species of freshwater bacteria in agarose 

gel droplets by Ohan et al.138 The gel microdroplets were incubated for at least one week and 

they were then transferred to aqueous media to be analysed and sorted through FACS.  
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Despite the multiple advantages offered by hydrogel technology, a disadvantage of 

encapsulating algal cells in hydrogel beads or microcapsules is, once again, the difficulty of 

extracting and recovering the cells from the materials if required. 

 

Figure 2.4: A) encapsulation of Chlorella vulgaris, Chlamydomonas sp., and Botryococcus 

braunii cells in alginate microcapsules and lipid staining with BODIPY 505/515, adapted from 

ref.137, B) encapsulation of C. reinhardtii cells in alginate-poly-L-lysine (PLL) microcapsules 

and monitoring of the cell motility, adapted from ref.135, C) encapsulation of E. gracilis and 

C. reinhardtii cells in gelatin microdroplets and study of the cell growth over time, adapted 

from ref.136. 

2.1.4. Objectives 

In this chapter, the encapsulation and growth of Phaeodactylum tricornutum (Pt) marine 

microalgae in microdroplets were investigated. A droplet microfluidic platform was 

established for the isolation and study of single Pt cells and the optimum cell encapsulation 

parameters for single cell isolation were determined. A density matching solution was used 

to overcome the issue of cell sedimentation during the encapsulation procedure and to 

thereby improve the cell encapsulation efficiency. The growth of Pt cells in microdroplets over 

several days was studied and compared to Pt growth in bulk. 
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2.2. Experimental 

Algal cell preparation 

The Phaeodactylum tricornutum (CCAP 1055/1) cells used in all experiments were provided 

by Professor Alison Smith’s group at the Department of Plant Sciences, University of 

Cambridge. The Nannochloropsis gaditana (Ng) cells were provided by Professor Saul Purton’s 

group at the Institute of Structural & Molecular Biology, University College London. Both cell 

species were cultured in Guillard’s F/2 medium.139 The medium was prepared by diluting 

Guillard’s (F/2) marine water enrichment solution 50x (Sigma Aldrich) with artificial sea water. 

The sea water was prepared by dissolving artificial sea salt (Sigma Aldrich) in Milli-Q water at 

a concentration of 30 g/L and it was autoclaved before the addition of the enrichment 

solution. 

The cells were cultured in 25 mL plastic cell culture flasks (Nunc™, Thermo Scientific) at room 

temperature (20 °C), under continuous illumination (115 μmol of photons m−2 s−1) and 

shaking. New cultures were prepared by taking a sample of stationary phase cells and diluting 

it to the desired cell concentration by adding F/2 medium.  

Microfluidic device fabrication and surface treatment  

The microfluidic device masters were fabricated, by Dr Ziyi Yu, using photolithography as 

described by Duffy et al.140 The AutoCAD designs of the devices used throughout this thesis 

can be found in the Appendix. 

To fabricate the PDMS (polydimethylsiloxane) microfluidic devices, a 10:1 mixture of the 

PDMS precursor and its curing agent (Sylgard 184, Dow and Corning) was thoroughly stirred 

and poured into a Petri dish containing the master in order to cover it. The mixture was 

thoroughly degassed under vacuum and the PDMS was cured at 75 °C overnight. The solidified 

PDMS was peeled off the master and holes for the inlets and outlets were punched in using a 

1 mm diameter biopsy punch (Kai medical). The PDMS slab was attached to a glass slide after 

treatment with oxygen plasma (Femto, Diener Electronic), thereby forming the enclosed 

microfluidic channels. The device was then cured at 75 °C for a minimum of 10 minutes to 

strengthen the bonding between the PDMS and the glass substrate and to return the exposed 

areas back to a hydrophobic state. 
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The surface of the microfluidic channels was then treated with a 1% v/v solution of 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma Aldrich) in Novec 7500 for 10 seconds to 

make it more fluorophilic, followed by washing the channels with Novec 7500 for a further 10 

seconds and flushing with nitrogen for five seconds to dry the channels. 

Cell encapsulation in microdroplets 

A Pt cell sample was taken from the culture flask under sterile conditions while the cells were 

in their growth phase. The concentration of the cell sample was determined by cell counting 

using a bright-line haemocytometer (Sigma-Aldrich) and it was diluted to the desired 

concentration by the addition of more F/2 medium. The suspension of algal cells in F/2 growth 

medium, with or without OptiPrep™, was loaded into a 1 mL syringe (HSW NORM-JECT®) 

fitted with a needle (0.5 x 16 mm, Terumo). The fluorinated oil used as the continuous phase 

(either Novec™ 7500, 3M™, or FC-40, 3M™, with 1% PicoSurf™ 1 surfactant, Sphere Fluidics) 

was loaded in another syringe and both syringes were connected to the respective inlets of 

the flow-focusing device (Appendix device A, nozzle dimensions: 40 μm x 40 μm x 25 μm) 

with fine bore polyethylene tubing (ID = 0.38 mm, OD = 1.09 mm, Smiths Medical 

International Ltd). Using syringe pumps (Harvard Apparatus PHD 2000 Infusion) the two 

solutions were injected simultaneously in the device. The oil phase was injected at a rate of 

600 μL/hr (16.7 cm/s) and the aqueous phase at a rate of 350 μL/hr (9.72 cm/s). The droplet 

formation was monitored using a Phantom V72 fast camera mounted on an inverted 

microscope (IX71, Olympus) set at 20x magnification. The Phantom software was used to 

monitor the camera feed and record the video of the encapsulation procedure. The generated 

droplets were collected, through tubing connected to the outlet, into a syringe, for reinjection 

or a centrifuge tube, for imaging. 

Cell growth in microdroplets 

After their generation, the droplets containing the Pt cells in F/2 medium were stored in a 

plastic syringe under continuous illumination (115 μmol of photons m−2 s−1). Microdroplet 

samples (4 μL) were taken from the syringe, placed on a glass slide and imaged every day.  
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Droplet imaging and cell counting in microdroplets 

The droplets were imaged using an IX 71 inverted microscope (Olympus) equipped with an 

EMCCD iXonEM+ DU 897 camera (Andor Technology) at a 32x magnification. The cell counting 

was performed manually. The droplet diameter and cross-section area were measured using 

ImageJ, an image processing software. The droplets were manually selected. 

OptiPrep optimum concentration determination 

The optimum concentration of OptiPrep needed to reduce cell sedimentation was 

determined by adding 2 mL of F/2 medium with OptiPrep to a 2 mL Pt cell sample. The final 

concentrations of OptiPrep in the samples were 0%, 2%, 4%, 6%, 10% and 20% v/v. The 

samples were allowed to stand without mixing for 2.5 hours and the precipitation of the cells 

in each sample was monitored. A photograph of the samples was taken after 2.5 hours. 

Growth curve of Pt with and without Optiprep in bulk 

The growth curves of Pt cells in bulk F/2 medium, with and without the addition of 10% v/v 

OptiPrep, were generated by measuring the optical density at 730 nm of cell samples taken 

from a fresh culture every day for 12 days. Optical density values were recorded using a 

spectrophotometer (WPA Biochrome).  

2.3. Results and discussion 

2.3.1. PDMS microfluidic device preparation 

As was described in section 2.2, the polydimethylsiloxane (PDMS) microfluidic devices, used 

throughout this thesis were fabricated through soft lithography. The fabrication process 

consists of four steps: 1) master fabrication, 2) PDMS polymerisation using the master as a 

mould, 3) microfluidic device bonding to a glass substrate and 4) surface treatment of the 

microfluidic channels (figure 2.5).73,140  
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Figure 2.5: Schematic diagram of the microfluidic device fabrication process. 

The device master was fabricated by Dr Ziyi Yu using SU-8 photoresist coated on the surface 

of a silicon wafer and it was subsequently used as the mould for the microfluidic device 

preparation. A 10:1 mixture of the PDMS base and its curing agent (Sylgard 184, Dow Corning) 

was poured into a Petri dish containing the master. The curing of PDMS is a platinum-

catalysed process during which the vinyl groups on the PDMS base oligomers react with the 

Si-H groups carried by the crosslinking agent (figure 2.6).141 

 

Figure 2.6: PDMS polymerization reaction, adapted from ref.141. 
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The curing reaction is accelerated through heating, so the PDMS mixture was degassed under 

vacuum and then cured at 75 °C for a minimum of 4 hours. The solidified PDMS was peeled 

off the master and holes for the inlets and outlets were punched in using a 1 mm diameter 

biopsy punch. The PDMS slab was then attached to a glass slide after treatment with oxygen 

plasma, forming thus the enclosed microfluidic channels. The treatment with oxygen plasma 

introduces silanol groups (Si-OH) to the surface of the PDMS and the glass slide. When the 

two surfaces are brought into contact, strong covalent Si-O-Si bonds are formed, sealing the 

two surfaces together and forming the microfluidic device (figure 2.7).  

 

Figure 2.7: Schematic diagram of the plasma treatment process and the bonding between the 

PDMS and the glass slide. 

The device was cured at 120 °C for a minimum of 60 minutes to strengthen the bonding 

between the PDMS and the glass substrate. Once the microfluidic device was sealed, the 

surface of the microfluidic channels was treated with a fluorophilic agent. This is done to 

ensure droplet stability in the devices. The fluorophilic agent used for the surface treatment 

was 1% v/v trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma Aldrich) solution in Novec 

7500. The silane reacts with the exposed silanol groups on the channel walls (figure 2.8) 

changing the hydrophilic surface of the microfluidic device to a fluorophilic surface which is 

compatible with the oil used for the droplet generation. 
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Figure 2.8: Surface treatment of the microfluidic channels with trichloro(1H,1H,2H,2H-

perfluorooctyl)silane. Adapted from ref.142. 

2.3.2. Encapsulation of algal cells and cell growth assay 

The flow-focusing device, shown in figure 2.9C, was used to encapsulate Phaeodactylum 

tricornutum (Pt) cells (Appendix device A). Pt cells are marine microalgae that are ~20 μm in 

length. The reason why this algal species was selected for this project is explained in section 

1.1.6.1. The flow-focusing geometry was selected over other device geometries that have 

been previously used for droplet generation, because it generates highly monodisperse 

microdroplets at lower oil-to-water flow rate ratios.73 The device was placed on a microscope 

stage during droplet generation (figure 2.9A-B), so that the process could be monitored 

through a high-speed camera.  

The fluorous oil that was used as the continuous phase and the suspension of Pt cells in F/2 

growth medium were injected from different inlets to the device with flow rates of 600 μL/hr 

(16.7 cm/s) and 350 μL/hr respectively (9.72 cm/s). Novec 7500 or FC-40 (fluorinert oils) were 

used as the continuous phase with the addition of 1% v/v Pico-Surf™ 1 surfactant.143 The 

dimensions of the nozzle in the encapsulation device were 40 μm x 40 μm x 25 μm (length x 

width x height). Τhe droplets generated had a diameter of approximately 50 μm when Νovec 

7500 was used (65 ± 4 pL volume) and 40 μm when FC-40 was used (34 ± 2 pL volume). 

Through microscopic observation and analysis of the microscope images using ImageJ, it was 

determined that there was less than 2% variation in the diameter of the generated droplets 

(figure 2.9D). The droplet generation frequency achieved was 1.5 kHz when generating 

droplets that were 50 μm in diameter and 2.8 kHz for droplets that were 40 μm in diameter. 
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Figure 2.9: A) Photograph of the droplet generation set-up, B) photograph of the microfluidic 

device during droplet generation; (1) inlet tubing for oil phase, (2) inlet tubing for aqueous 

phase, (3) outlet tubing, (4) Eppendorf tube for droplet collection, (5) microfluidic droplet 

generation device, (6) microscope stage, C) droplet generation using the flow-focusing 

encapsulation device with nozzle dimensions 40 μm x 40 μm x 25 μm (length x width x height), 

D) distribution of the droplet diameter for the droplets generated. 

Both Novec 7500 and FC-40 are fluorinated oils that are widely used for cell 

encapsulation.144,145 Both oils are compatible with PDMS and therefore they do not cause 

swelling and deformation of the microfluidic channels.146,147 With the selection of an 

appropriate surfactant, both oils are suitable for the generation of droplets that remain stable 

in storage for more than two weeks.147 While they prevent leakage of the droplet contents 

from taking place, they are permeable to gases, such as O2 and CO2,147 a characteristic which 

is essential to ensure that the cells in the droplets remain viable over several days. The Pico-
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Surf™ 1 surfactant used for droplet stabilisation is a biocompatible surfactant available as a 

solution in either Novec 7500 or FC-40 fluorocarbon carrier oil. This surfactant is needed to 

keep the droplets and their contents intact over a wide range of temperatures and over an 

extended amount of time. Pico-Surf can be used to reliably stabilise droplets that range from 

8 pL to 700 pL in volume.143 

Due to the random nature of the flow of the algal cells in the aqueous inlet channel, the 

number of cells in the droplets followed a Poisson distribution.148 Since, the presence of 

multiple cells in a droplet is undesirable for single cell studies, six different concentrations of 

the cell suspension were tested to determine the concentration that results in the largest 

possible percentage of singly occupied droplets while keeping the number of droplets that 

contain multiple cells to a minimum. The concentrations of the cell suspensions were 

determined before the encapsulation procedure by cell counting, using a bright field 

hemocytometer. They were determined to be 4.0 x 105 cells/mL, 1.2 x 106 cells/mL, 1.6 x 106 

cells/mL, 2.3 x 106 cells/mL, 2.5 x 106 cells/mL and 7.4 x 106 cells/mL. The droplets generated 

by each cell suspension were imaged using a brightfield microscope and the number of cells 

in 190 droplets were counted manually, as such a droplet sample was deemed to be 

sufficiently large to obtain accurate cell distribution data. The number of cells in the droplets 

for each of the different cell concentrations tested was found to follow Poisson statistics 

(figure 2.10). As a result, at lower initial cell concentrations (4.0 x 105 cells/mL, 1.2 x 106 

cells/mL) as high as 97% of the droplets collected were empty. On the other hand, at higher 

cell concentrations (7.4 x 106 cells/mL) the percentage of empty droplets decreased but a 

significant fraction of the occupied droplets contained multiple cells. Based on the 

distribution data recorded, it was deemed that an initial cell concentration between 1.6 x 106 

cells/mL and 2.3 x 106 cells/mL would be optimal for single cell encapsulation, because it 

results in the greatest percentage of occupied droplets containing just one cell. 
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Figure 2.10: Distribution of cells in microdroplets for six different concentrations of Pt cells in 

F/2 medium. The cells were encapsulated into droplets using a 40 μm x 40 μm x 25 μm (length 

x width x height) flow-focusing device and Novec 7500 with 1% v/v Pico-Surf™ 1 surfactant 

was used as the continuous phase. The experiment was performed once. The cells in a total 

of 190 generated droplets were counted for each concentration. Curves have been fitted to 

show Poisson statistics.  

After their generation, the droplets can be stored at room temperature and under continuous 

illumination for up to two weeks off-chip. The encapsulated cells remain alive in the droplets 

and continue to grow and multiply. To confirm the viability of the encapsulated cells, the 

droplets were imaged over 11 days (Figure 2.11) to observe the cell growth. The number of 

cells in each droplet increased at first. On day 0, right after the generation of the droplets, 

most occupied droplets contained one cell which divided to give two cells on day 1. After this 

point, the cells continued to multiply, however the growth was non-uniform, resulting in 

droplets that contained two, three or four cells. After day 4 the cells stopped multiplying due 
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to the limitation in the volume and the nutrients available within the droplets, which inhibited 

the cell growth.74 At that point, the cells entered the stationary phase of their growth cycle 

with cell death gradually occurring over the following days. A maximum number of four cells 

per droplet was reached. The final cell concentration in the 34 pL droplets which contained 

four cells was 1.2 x 108 cells/mL. This concentration is an order of magnitude higher than the 

Pt cell concentration reached in bulk cultures. An explanation which was proposed for this 

increased cell concentration, is that in bulk cultures some cells which are deeper in the culture 

receive less light due to shading by the cells near the top, thus inhibiting their growth. In 

contrast, for the cells that are cultivated in droplets shading is not an issue and cell growth is 

not inhibited by light limitation.74  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: A) Microscope images showing the growth of Pt cells in 41 μm diameter (36 pL 

volume) microdroplets over 11 days, B) the average number of cells in the occupied droplets 

over time. The microdroplets were stored in a plastic syringe and samples were removed 

every day for imaging. The cells in a total of 50 droplets were counted for each data point. 

The experiment was performed once. 
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The growth of the encapsulated Pt cells in the microdroplets depends on the size of the 

droplets. Dr Ziyi Yu performed further experiments on the cultivation of Pt cells in 

microdroplets of different sizes. His results are presented here with permission. While Pt cells 

encapsulated in ~37 µm diameter microdroplets grew until a maximum number of 4 cells was 

reached, in ~108 µm diameter microdroplets the maximum number of Pt cells reached was 

16 cells after 7 days of culture (figure 2.12). This is further evidence that the viability of the 

Pt cells is not affected by their encapsulation into droplets and that the encapsulated cells will 

grow as long as they have enough nutrients in the droplets.74 

 

Figure 2.12: Images showing the growth of Pt cells over seven days in microdroplets of 

diameter A) 37 μm (27 pL) and B) 108 µm (660 pL). Data collected by Dr Ziyi Yu and reproduced 

here with permission. 

2.3.3. Overcoming cell sedimentation 

A problem that arises when using cells in microfluidics and which particularly affects the 

encapsulation process, is the sedimentation of the cells. Due to the difference in density 

between the Pt cells and the growth medium, the cells precipitate over time, leading to a 

change in the distribution of the cells in the droplets and increasing the possibility of blockage 

of the microfluidic channels.73,149 This effect therefore restricts the amount of time for which 

an encapsulation procedure can run, as after only one hour the encapsulation efficiency 

becomes much lower, and the number of empty droplets collected is much larger. To 

overcome this problem, density matching solutions, such as OptiPrep™ (iodixanol) can be 

added to the growth medium to increase its density,73,149 permitting the cells to stay in 

solution for longer and reducing the sedimentation taking place.   
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OptiPrep™ (figure 2.13A) is a sterile endotoxin-tested solution of 60% w/v iodixanol in water 

with a density of 1.32 g/ml. Iodixanol is non-toxic to cells and metabolically inert.149 OptiPrep 

has been used in the past for the isolation of different types of mammalian cells,73,149 but it 

has not been used along with algal cells. Herein, various concentrations of OptiPrep were 

added to bulk Pt cell cultures in F/2 growth medium to determine the concentration that 

would provide the best density match and prevent cell precipitation from taking place (figure 

2.13B). The resulting cell suspensions were allowed to stand for 2.5 hours and they were 

monitored visually. In cell suspensions containing 0%, 2%, 4% and 6% v/v OptiPrep 

precipitation was still observed to take place over time. When 10% v/v was used there was 

no visible precipitation of the cells over time, while when 20% v/v was used the cells floated 

towards the top because they had a lower density than the surrounding medium. For this 

reason, the addition of 10% v/v OptiPrep was determined to be sufficient to reduce cell 

precipitation and it was used in all subsequent experiments.  

The growth of Pt cells in the bulk density-matched medium was monitored over eleven days 

to ensure that the growth of the cells was not affected by the addition of OptiPrep (figure 

2.13C). By measuring the optical density of the bulk sample at 730 nm and comparing it to 

the optical density of a Pt sample that contained no OptiPrep it was determined that the cells 

in both samples started to grow on day 1 after sub-cultivation and entered a stationary phase 

on day 11. The sample that contained no OptiPrep reached a higher final cell density than the 

sample that contained OptiPrep, however that was due to a slightly higher initial cell 

concentration in that sample. The growth of the cells in the microdroplets was also monitored 

to ensure that the addition of OptiPrep did not have any negative effects (figure 2.13D). Both 

when OptiPrep was used and when it was not, the cells in the droplets appeared to multiply 

during the first five days after encapsulation, subsequently entering a stationary phase and 

no longer multiplying. 

 

 



CHAPTER 2 Single microalga encapsulation in microdroplets 

38 
 

 

0 2 4 6 8 10
0.0

0.1

0.2

0.3

 No OptiPrep

 10% Optiprep

O
D

7
3
0

Day
0 2 4 6 8 10

0

1

2

3

4

 No OptiPrep

 10% OptiPrepA
v
e

ra
g

e
 n

u
m

b
e

r 
o

f 
c
e

lls

p
e

r 
d

ro
p

le
t

Day  

Figure 2.13: A) The chemical structure of OptiPrep (iodixanol), B) Pt cell suspensions 

containing different concentrations of OptiPrep after being left standing for 2.5 hours; from 

left to right: 0%, 2%, 4%, 6%, 10%, 20% v/v, C) Pt cell growth in bulk with and without OptiPrep 

(initial cell concentration: 5.0 x 105 cells/mL in culture without OptiPrep, 4.4 x 105 cells/mL in 

culture with 10% v/v OptiPrep), D) growth of Pt cells in 52 μm diameter (74 pL) microdroplets 

with and without OptiPrep. The cells in a total of 50 droplets were counted every time. Each 

of the experiments was performed once. 

Cell encapsulation experiments, for the scope of this thesis,  were usually run for 30 to 60 

minutes. During this time, cell precipitation took place resulting in a decrease in the cell 

encapsulation efficiency. To determine where the bulk of this effect comes into play, the 

residence times of the cells in the syringe, in the tubing and in the microfluidic device were 

calculated. Under the flow rates used for cell encapsulation (350 μL/hr), the residence time 

of Pt cells in the encapsulation device was 0.02 s (microfluidic channel length: 2 mm, flow 

rate: 97.2 mm/s) and their residence time in the tubing was approximately 4 minutes (tubing 

inner diameter: 0.38 mm, length ≈ 20 cm, flow rate: 0.857 mm/s). The bulk of cell precipitation 

therefore would take place while the cells were in the syringe, as that is where they spend 

the longest time during the encapsulation procedure. Since the syringe containing the cell 

sample is placed horizontally on the syringe pump, the cells precipitate at the bottom of the 
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syringe and they are not injected into the tubing. As a result, over time, the fraction of empty 

droplets that were collected increased.  

The effect that the addition of OptiPrep had over the encapsulation procedure was examined 

by comparing the droplets obtained by encapsulating a cell sample without any OptiPrep and 

another sample of the same concentration with 10% v/v OptiPrep. Over time, the distribution 

of cells in the droplets changed due to cell sedimentation. When no OptiPrep was used, the 

effect was particularly pronounced (figure 2.14A). While at the beginning of the 

encapsulation procedure approximately 70% of the droplets collected were empty after two 

hours that percentage increased to 98%. However, the addition of OptiPrep slowed down this 

effect significantly (figure 2.14B). When 10% v/v OptiPrep was added to the cell sample, the 

percentage of empty droplets increased only slightly, from 58% to 64%, after two hours. 
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Figure 2.14: Change in the distribution of cells within the droplets over time: A) cell 

suspension without OptiPrep, B) cell suspension with 10% v/v OptiPrep. Both cell suspensions 

had a concentration of 8 x 106 cells/mL. The cells were encapsulated in 45 μm diameter (48 

pL) droplets. Each distribution was generated by counting the cell content of 300 droplets. 

The experiment was performed once. 

2.4. Conclusions 

Droplet microfluidic technology has the potential to provide new insights in the study of single 

algal cells. In this chapter, a droplet microfluidic platform was successfully established for the 

encapsulation and study of single Pt algal cells. An optimum cell concentration range for single 

cell encapsulation was determined, which was between 1.6 x 106 cells/mL and 2.3 x 106 

cells/mL. The growth of Pt cells in microdroplets over 11 days was also studied and found to 
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be heterogeneous. This was due to the limitation in the volume of the microdroplets and the 

amount of nutrients contained within. The growth of the encapsulated cells was compared to 

Pt growth in bulk to ensure that the cells were not negatively affected by their encapsulation 

in droplets. The final concentrations of cells that were achieved in the droplets were up to a 

magnitude higher than cell concentrations in bulk culture. Furthermore, a density matching 

solution was used to overcome the issue of cell sedimentation during the encapsulation 

procedure. By the addition of 10% v/v Optiprep to the cell suspension, the sedimentation and 

the clumping of the cells were significantly reduced, minimising their impact on the cell 

encapsulation efficiency over time. This was evident by the percentage of undesirable empty 

droplets collected during the encapsulation process, which only increased by 6% over two 

hours in the presence of OptiPrep, instead of the 28% increase observed when OptiPrep was 

not used. As droplet encapsulation experiments, for the scope of this thesis, were run for a 

maximum of 60 minutes, this was determined to be fit for purpose.  The addition of OptiPrep 

improves the cell encapsulation efficiency and enables cell encapsulation over longer periods 

of time, without any negative effects on the cells and their growth. At the same time, it 

reduces the unnecessary loss of cells during the encapsulation procedure.  
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CHAPTER 3 

Fluorescence detection and microdroplet sorting 

3.1. Introduction 

While the past few years have witnessed the rapid development of the droplet-based 

microfluidics, a challenge remains in the ability to analyse the content of the microdroplets 

and to screen rare samples from a large library. In this respect, several analytical detection 

techniques have been applied to droplet-based microfluidics, including mass spectrometry, 

SERS, UV-Visible spectrophotometry, Raman and microcoil NMR spectroscopy.63 Among 

these methods, fluorescence-based methods have been widely applied due to their high 

sensitivity.150 In particular, laser-induced fluorescence (LIF) detection has been frequently 

used in fluorescence screening studies, when large numbers of particles, cells or droplets 

need to be assessed.63,64 

LIF detection relies on illumination by a laser source to excite molecules of interest. Light is 

spontaneously emitted once these molecules return to their ground state and this light can 

reveal information about the molecules being probed.151 LIF detection systems combine high 

sensitivity with high throughput63 and have been used in a variety of droplet microfluidic 

applications, including detecting single molecules in droplets,152,153 or, when combined with 

fluorescence resonance energy transfer (FRET), to probe biomolecular interactions.154 

Fluorescence-Activated Droplet Sorting (FADS) has been developed to screen cells in 

microdroplets based on their different fluorescence characteristics. This method combines 

LIF detection with droplet manipulation on-chip, a versatile technique that can separate 

droplets without damaging the droplets themselves or their contents.  

FADS was developed in 2009 by Baret et al.70 based on an earlier droplet sorter design by Ahn 

et al.109 Baret et al.  used the FADS platform to sort E. coli cells based on whether they 

expressed the reporter enzyme β-galactosidase or not. The cells were encapsulated into 

droplets that contained a fluorogenic β-galactosidase substrate. After a 14-hour incubation, 

the droplets containing cells expressing β-galactosidase had a higher fluorescence from the 

rest of the droplets and were successfully sorted. FADS has subsequently been used in a 
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variety of applications due to its versatility, such as in antibody screening,78 (figure 3.1A) in 

drug screening78 (figure 3.1B) and to detect the secretion of small molecules from cells.80  

 

Figure 3.1: A) Droplet based screening of cells to identify cells secreting antibodies of interest, 

B) screening of a library of small compounds for antimicrobial activity, adapted from ref.78.  

By taking advantage of the high throughput fluorescence detection and analysis provided by 

FADS, the effect of the different environmental conditions on the behaviour and the 

characteristics of the cells, such as the growth rate and the lipid content, can be examined. It 

can, therefore, be used to identify and sort algal cells that display specific properties, which 

might be of interest for applications in biotechnology.  

The intrinsic chlorophyll fluorescence of microalgae is of particular interest. Chlorophyll 

fluorescence is an indicator of the photosynthetic performance of microalgae because it is 

connected to and can reveal information about the transfer of excitation energy through the 

photosynthetic apparatus.82,155 At the beginning of the photosynthetic process, chlorophyll 

molecules become excited by absorbing light energy. A part of this excitation energy is used 
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to drive photosynthesis. The rest is either dissipated as heat or emitted as fluorescence. As 

these processes are connected to each other, studying the fluorescence emitted by the 

chlorophyll molecules provides information on the efficiency of the photochemistry taking 

place during photosynthesis.155 

The chlorophyll content of algae changes over time and is dependent on factors such as the 

cell growth phase and the environmental conditions.156 For P. tricornutum grown in bulk 

culture, one of the factors affecting the chlorophyll content of the cells is the light intensity 

and the light regime (continuous light vs a light/dark cycle). According to Laohavisit et al.,157 

Pt cells that are grown under a light-dark (LD) cycle regime have higher chlorophyll levels than 

cells grown under constant illumination (LL), even though both populations display similar 

growth rates (figure 3.2A-B). Furthermore, algal cells cultured under light of higher intensity 

have lower chlorophyll content per cell than cells cultured under low-intensity light.161 

 

Figure 3.2: A) Growth curves showing the growth of Pt cells under different light regimes (16 

hours light: 8 hours dark or constant illumination) in the presence (+ Si) or absence (-Si) of 

sodium metasilicate in the F/2 growth medium, B) chlorophyll content measurement over 

time for Pt cells cultured under the different light regimes, adapted from ref.157. 

In the Abell group, Best et al.82 established a FADS platform for the screening and sorting of 

microalgae and cyanobacteria encapsulated in microdroplets, aiming to screen and identify 

fast-growing microalgal strains for use in industrial applications. With this system they 

detected the chlorophyll fluorescence of encapsulated Synechocystis PCC 6803, 

Synechococcus PCC 7002 and C. reinhardtii cells. The optical components of the set-up they 

used for chlorophyll fluorescence detection are shown in figure 3.3A. Fixed wavelength lasers 

were used for fluorescence excitation: a 488 nm laser was used for C. reinhardtii fluorescence 

A

 

B

 



CHAPTER 3 Fluorescence detection and microdroplet sorting 

44 
 

detection and a 594 nm laser was used for Synechocystis PCC 6803 and Synechococcus PCC 

7002 fluorescence detection. Droplets containing C. reinhardtii cells were successfully sorted 

from empty droplets based on the presence or absence of a chlorophyll fluorescence signal 

(figure 3.3B). A cell sorting frequency of 300 Hz was achieved. A subpopulation of droplets 

that only contained cells was successfully collected at the positive outlet, however a 4% false 

negative rate was observed (figure 3.3C). Furthermore, Best et al. sorted a mixture of cells 

that displayed high chlorophyll fluorescence from cells that displayed lower chlorophyll 

fluorescence as a consequence of extended nitrogen limitation. While the cells collected at 

the negative outlet of the sorting device showed lower chlorophyll levels than the cells in the 

initial mixture, too few cells were collected at the positive outlet to image. Finally, the growth 

of two different strains of cyanobacteria was studied in microdroplets and it was suggested 

that, since the two strains showed different growth rates, the chlorophyll-based sorting 

platform could be used to sort a mixture of the two strains. 

      

Figure 3.3: A) The setup used for the chlorophyll fluorescence detection and sorting of C. 

reinhardtii and the cyanobacteria Synechocystis PCC 6803 and Synechococcus PCC 7002 (long-

pass filter 1 = 360 nm, dichroic 1 = 488 nm (for C. reinhardtii) and 594 nm (for the 

cyanobacteria), dichroic 2 = 633 nm, long-pass filter 2 = 635 nm, band-pass filter 1 = 629 ± 30 

nm), B), C) images of the droplets containing encapsulated C. reinhardtii cells before and after 

sorting (scale bar = 100 μm). Adapted from ref.82. 
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Besides studying the chlorophyll fluorescence of microalgae, some researchers also use a 

variety of fluorescent dyes and markers to investigate different characteristics of algal cells, 

such as viability dyes to assess the viability of the cells and lipophilic dyes, such as Nile Red 

and BODIPY 505/515, to quantify their lipid content54. Fluorescent markers are also widely 

used as visual selection markers in genetic modification research, thereby facilitating the 

development of new cell strains.158 

3.1.1. Objectives 

Having successfully encapsulated single microalgal cells into microdroplets, a variety of 

analytical techniques, including fluorescence detection82 and Raman spectroscopy,159 can be 

applied to identify specific cells which might be of interest.  In this chapter, a FADS platform 

was used for the detection of the intracellular fluorescence of Pt cells encapsulated in 

microdroplets. The optical set-up of the platform was modified to overcome the issue of 

heterogeneous irradiation of the cells and to therefore improve the accuracy of the 

fluorescence detection. The fluorescence detection capabilities of the improved platform 

were then compared to those of a previously used platform, initially by detecting the 

fluorescence of fluorescent beads encapsulated in droplets and then by detecting the 

chlorophyll fluorescence of encapsulated Pt and Ng cells. The detection capabilities of the 

FADS platform were further tested by detecting the chlorophyll fluorescence of Pt cells 

cultured under different light conditions, since these cells, as a result, contained different 

levels of chlorophyll. As a final test of the improved platform, it was used to sort droplets 

containing Pt cells from empty droplets, to overcome the issue of the random encapsulation 

of the cells in droplets. This was done by sorting the droplets based on chlorophyll 

fluorescence and the sorting results were compared to past results reported for the previous 

set-up.82  

Besides chlorophyll fluorescence, the platform was also used to detect GFP fluorescence and 

to sort GFP-expressing Pt cells from a mixture with wild type Pt cells. Finally, a Cyto-Mine 

Single Cell Analysis and Monoclonality Assurance System was used to sort Pt cells and to 

dispense them one-by-one to the wells of a well plate and to obtain monoclonal Pt cell 

cultures.  
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3.2. Experimental 

Algal cell preparation 

The Phaeodactylum tricornutum (CCAP 1055/1) cells used in all experiments, wild type and 

GFP-expressing, were provided by Professor Alison Smith’s group at the Department of Plant 

Sciences, University of Cambridge. The GFP-expressing Pt cell samples were kindly provided 

by Dr Katrin Geisler, Department of Plant Sciences, University of Cambridge. The 

Nannochloropsis gaditana (Ng) cells were provided by Professor Saul Purton’s group at the 

Institute of Structural & Molecular Biology, University College London. Both cell species were 

cultured in Guillard’s F/2 medium139 as detailed in section 2.2. 

Sorting device preparation 

A PDMS slab with the pattern of the sorting device (Appendix device B) was prepared by soft 

lithography as described in section 2.2. Instead of sealing this slab with a glass substrate, a 

thin PDMS substrate was used. PDMS is preferred to reduce the amount of scattering which 

takes place when the laser beam passes through the substrate. After sealing, the device was 

placed in a 120 °C oven overnight. The sealed device was partially attached to a glass slide as 

shown in figure 3.4A for easier handling. The microelectrodes in the sorting device were 

created by heating the device on a hotplate (set at 180 °C) and then inserting 

51In/32.5Bi/16.5Sn low-temperature solder (Indium Corporation) into the inlets of the 

electrode channels. The solder melted and filled the channels (figure 3.4B). Then, while the 

solder was still hot, short pieces of electrical wire were inserted into the inlets of the electrode 

channels to form the electrical connections. Finally, the device was removed from the 

hotplate and allowed to cool down and the solder to solidify. 
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Figure 3.4: A) Photograph of a sorting device; (1) PDMS sorting device, (2) electrodes, (3) glass 

slide, B) microscope image of the PDMS sorting device, (microfluidic channel dimensions at 

the fluorescence detection point: 60 μm width x 50 μm height); (1) microdroplet inlet, (2) 

spacing oil inlets, (3) positive outlet, (4) negative outlet, (5) electrodes formed by melted 

51In/32.5Bi/16.5Sn low-temperature solder. 

Droplet sorting 

a. Electrical set-up 

A laser of wavelength 491 nm (100 mW, Cobolt) was used as the excitation source. The 

fluorescence emitted was recorded by a PMT (H8249, Hammamatsu Photonics)(figure 3.5) 

and the data obtained were sent to a computer through a Data Acquisition (DAQ) card 

(National Instruments). A custom-made program on LabVIEW (National Instruments)79,82 was 

used to monitor and analyse the data.  

An oscilloscope (TDS2004B, Tektronix) was used to monitor the fluorescence signal and 

trigger a square signal from the pulse generator (TTi TGP 110, 10 MHz, Thurlby Thandar) if the 

fluorescence amplitude was above a predetermined value. An amplified pulse was in that case 

applied to the electrodes of the sorting device by a high-voltage amplifier (PD06087, TREK). A 

light source was used to illuminate the sorting device during sorting, so that the process could 

be monitored using a Phantom V72 fast camera. For chlorophyll fluorescence detection the 

light source used was a blue LED light source (LEDC5, THORLABS). For GFP fluorescence 
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detection the microscope light was used after being fitted with a 610 nm trans-filter 

(THORLABS). 

 

Figure 3.5: Schematic diagram of the laser sheet set-up. The laser beam, shaped into a sheet 

by a shaping lens (initially a cylindrical lens, later changed to a Powell lens), is directed towards 

the microfluidic device and the emitted fluorescence is directed towards the PMT and a high-

speed camera. A 635 nm dichroic filter splits the signal between the camera and PMT. For 

chlorophyll fluorescence detection, light of wavelength above 635 nm is directed towards the 

PMT, which is also fitted with a 635 nm long-pass emission filter. The light of wavelength 

below 635 nm is directed towards the high-speed camera so that the sorting process can be 

monitored. For GFP fluorescence detection the positions of the camera and the PMT are 

reversed, so that the green fluorescence can be detected by the PMT using a 525 nm 

(bandwidth: 39 nm) emission filter and light at wavelengths above 635 nm can be directed 

towards the camera. 

b. Sorting procedure 

Algal cells were encapsulated into droplets using the same method as in section 2.2. The 1 mL 

syringe containing the generated microdroplets was loaded on a syringe pump while kept 

vertical to ensure that the microdroplets remained on top of the oil that was collected along 
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with the droplets during the encapsulation procedure. The syringe was connected through 

polyethylene tubing to the corresponding inlet of the sorting device. Two syringes were filled 

with spacing oil (Novec 7500 with 1% PicoSurf™ 1) and loaded on a syringe pump. They were 

then connected, through tubing, to the other two inlets of the sorting device. The flow rates 

applied by the two syringe pumps were adjusted to 10 μL/hr (approximately 0.93 mm/s at 

the detection region) for the droplets and 160 μL/hr (1.48 cm/s) for the spacing oil, or to 20 

μL/hr (approximately 1.85 mm/s) for the droplets and 360 μL/hr (3.33 cm/s) for the spacing 

oil. Higher flow rates were avoided as they could lead to droplet fusion or errors during 

sorting. Careful control of the flow rates was required to ensure that the droplets were well 

separated from each other as they passed through the sorting junction. It was also necessary 

to ensure that the reinjected droplets all passed through the negative outlet channel when 

the electrodes were off. The laser beam was aligned so that it would hit the sorting device at 

a point in the microfluidic channel in-between the two electrodes. Once the PMT started 

recording fluorescence peaks the gain was adjusted to ensure that only the peaks of the right 

height would trigger the pulse generator. The voltage applied to the electrodes was increased 

until droplets could be seen going into the positive channel (approximately 500 – 600 V). The 

outlet tubing was not moved during the sorting process as any changes in position could result 

in backpressure changes in the device which affect the sorting procedure, generating false 

negative or false positive results. 

Detection of fluorescence emitted by fluorescent beads after illumination by laser spot and 

laser sheet 

Alignflow™ fluorescent beads (ThermoFisher) were diluted by adding 1 drop of the 

commercial mixture in 1 mL of distilled water. The resulting solution was encapsulated using 

Novec 7500 with 1% PicoSurf 1 as the continuous phase. The droplets were then injected into 

a sorting device and the fluorescence emitted by the microbeads was detected. To detect 

only the desired fluorescence without interference from background light, a trans-filter (610 

nm, THORLABS) was fitted on the light source used to illuminate the sorting device and a 525 

nm filter (bandwidth: 39 nm) was fitted before the PMT. The measurement of the emitted 

fluorescence was repeated using the older laser setup, which was very similar to the new one, 

but did not have a shaping lens to change the shape of the laser beam. 



CHAPTER 3 Fluorescence detection and microdroplet sorting 

50 
 

Detection of Pt and Ng chlorophyll fluorescence after illumination by laser spot and laser 

sheet 

A 1.5 x 106 cells/mL sample of Pt cells in F/2 medium was encapsulated into microdroplets. 

The collected droplets were then divided into two samples. The fluorescence of the first 

sample was detected after illumination by the laser spot set-up and the fluorescence of the 

second sample was detected after illumination by the laser sheet. The flow rate of the 

droplets in both cases was 15 μL/hr (approximately 1.39 mm/s at the fluorescence detection 

point) and that of the spacing oil was 300 μL/hr (2.78 cm/s). The chlorophyll fluorescence 

signals emitted were recorded over 6 minutes. The same experiment was performed using a 

sample of Ng cells. In both cases the generated droplets had 7% cell occupancy. 

Culture of Pt cells under different light regimes and chlorophyll fluorescence detection 

Wild type Pt cells and GFP-expressing Pt cells at an initial concentration of 1 x 105 cells/mL 

were cultivated in two different 24-well plates. Half of the wells in each plate were used to 

culture wild type cells and the other half was used to culture GFP-expressing Pt cells. The cells 

in the first plate were cultivated under a low light intensity (30 μmol m−2 s−1), light / dark 

regime (LD, 16 hours light / 8 hours dark), while the cells in the second plate were grown 

under a continuous illumination regime (LL) of light intensity 75 μmol m−2 s−1. The growth of 

the algae was tracked over 13 days by measuring the OD730 using a plate reader (Fluostar 

Optima, BMG Labtech, USA) and the chlorophyll in the cells was extracted and measured 

every two days.  

To extract the chlorophyll from the cells, 1 mL of each of the cell samples was centrifuged at 

15000 g for 10 minutes. The supernatant was discarded and 1 mL of DMF 

(dimethylformamide; Fisher Scientific, UK) was added to the cell pellet. The samples were 

agitated at room temperature for 15 minutes using a shaker and then centrifuged for 2 

minutes at 10000 g. The absorbance of the supernatant at 630 nm (A630) and 664 nm (A664) 

was finally recorded using a spectrophotometer (Helios Alpha, Thermo Scientific, UK). The 

total chlorophyll content of each cell sample was calculated as160: 

Total chlorophyll content (μg/mL)  =  7.74 ×  A664 +  23.39 ×  A630. 
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On day 8 after the beginning of the experiment, a sample of wild type Pt cells grown under a 

light/dark cycle (LD) and a sample of GFP-expressing Pt cells grown under continuous light 

(LL) were encapsulated into microdroplets and, using the laser sheet set-up, the chlorophyll 

fluorescence emitted by the cells of each population was recorded and compared. 

GFP fluorescence detection and sorting 

A 1:1 mixture of GFP-expressing and wild type Pt cells was used for the GFP fluorescence 

sorting experiment. The sample was diluted with F/2 growth medium for single cell 

encapsulation. The cells were encapsulated in microdroplets and were subsequently re-

injected in a sorting device for GFP fluorescence detection and sorting. For GFP fluorescence 

detection, a trans-filter (610 nm, THORLABS) was fitted on the light source used to illuminate 

the sorting device and a 525 nm filter (bandwidth: 39 nm) was fitted before the PMT. 

Droplet demulsification 

The droplets containing GFP-expressing Pt cells, that were collected at the positive outlet of 

the sorting device after the end of the sorting procedure, were demulsified by the addition of 

1H,1H,2H,2H-perfluorooctanol (Alfa Aesar) at a 2:1 volume ratio to the volume of the 

collected droplets. The cells previously contained within the droplets were collected and 

imaged under a fluorescence microscope. 

Fluorescence image analysis 

The fluorescence microscope images of the collected cells were analysed using ImageJ image 

processing software to measure the fluorescence emitted by the cells. The cells were selected 

manually. 

Droplet sorting and dispensing with Cyto-Mine 

A sample of GFP-expressing Pt cells and a sample of wild type Pt cells were mixed at a 1:1 

ratio along with 10% v/v Optiprep and 0.1% Pluronic-F68, so that a sample of concentration 

3 x 105 cells/mL was obtained. The sample was loaded into Cyto-Mine and the cells were 

encapsulated by the instrument into 450 pL droplets. The GFP fluorescence and the 

chlorophyll fluorescence of the encapsulated cells were detected. For GFP fluorescence 

detection, a 520 nm (bandwidth: 15 nm) emission filter was used, while a 620 nm (bandwidth: 
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14 nm) filter was used for chlorophyll fluorescence detection. Cells with higher GFP 

fluorescence were sorted and collected at the positive channel of the droplet sorter. The GFP 

fluorescence of the collected droplets was then detected once again so that any false 

positives could be eliminated. The droplets were then dispensed one by one into the cells of 

two 96- and two 384-well plates. During the dispensing process, the droplets were imaged to 

determine whether they contained single or multiple cells. 

Prior to the dispensing process, each of the wells of the 384-well plates was loaded with 6 μL 

of F/2 media. Each of the wells of the 96-well plates was loaded with 15 μL of F/2 media. Once 

the dispensing process was finished, 44 μL of F/2 was added to each of the wells of the first 

384-well plate to prevent the cells from dying out. Different volumes of F/2 were added to 

the wells of the second 384-well plate. This was done as follows: 12 μL were added to the 

wells of the first four rows, 24 μL to the next four rows, 48 μL to the four rows after that and 

72 μL to the final four rows. The wells of the two 96-well plates were all topped up by the 

addition of 150 μL F/2. The well plates were placed in an incubator and they were cultured at 

18 °C under a 16 hr light / 8 hr dark regime for 27 days. The growth of the cells on the well 

plates was monitored by measuring the OD730 with a plate reader (Fluostar Optima, BMG 

Labtech, USA). 

3.3. Results and discussion 

3.3.1. Fluorescence-Activated Droplet Sorting platform 

A schematic diagram of the PDMS device that was used for fluorescence-based detection and 

sorting (Appendix device B) is shown in figure 3.6A. The sorting device was designed to be 

separate from the device used for droplet generation, instead of combining droplet 

generation and droplet sorting modules on the same microfluidic chip. This was done to allow 

more precise control over the droplet flow during sorting, as well as to limit complications 

caused by pressure fluctuations in the device which could lead to polydisperse droplet 

generation and sorting errors. 

The sorting device has three inlet channels and two outlet channels. The microdroplets are 

injected through the inlet channel in the middle and Novec 7500 oil with 1% Picosurf 1 

surfactant is provided through the other two inlets to space the microdroplets. The 
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microdroplets flow through the microfluidic channel until they intercept and are irradiated by 

a laser beam (figure 3.6B) that is positioned between the two sorting electrodes. At that 

point, the resulting fluorescence emitted by each irradiated droplet is recorded by a PMT. The 

PMT is connected to an oscilloscope, a Data Acquisition (DAQ) card and a Transistor–

transistor logic (TTL) pulse generator. While the oscilloscope is used for the real-time 

monitoring of the fluorescence detection data, the DAQ card sends the data to a computer 

for recording and analysis through a custom-made LabVIEW script. The TTL pulse generator 

receives the PMT voltage and determines whether a triggered signal should be generated 

based on the voltage magnitude. If the PMT voltage exceeds a defined threshold, the pulse 

generator will send a signal to the high-voltage supply and the electrodes of the microfluidic 

device will be activated, applying a dielectrophoretic force on the microdroplet flowing 

through the microfluidic channel. 

In detail, at the sorting junction of the microfluidic device, the microfluidic channel splits into 

two outlet channels, the positive and the negative. The positive outlet (top channel) is slightly 

narrower than the negative outlet (bottom channel). As a result, the microdroplets will all 

flow towards the negative outlet, due to lower fluidic pressure (figure 3.6C(i)). However, 

when the fluorescence intensity of a droplet is above a preselected threshold, the electrodes 

are activated, and an electric field is applied in the channel. As a result, a dielectrophoretic 

force is exerted on the microdroplet that drives it towards the positive outlet (figure 3.6C(ii)). 

The sorting threshold is pre-set by the experimental hardware at 1.25 V and cannot be 

changed. Instead, the gain of the PMT is adjusted every time and the magnitude of the 

fluorescence peaks is modified, so that the desired proportion of peaks are above the 

threshold value (figure 3.6D).  
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Figure 3.6: A) Schematic diagram showing the structure of the microfluidic device used for 

fluorescence-activated droplet sorting, B) photograph of the sorting device during a sorting 

experiment; (1) inlet tubing for microdroplet re-injection and spacing oil supply, (2) positive 

outlet tubing, (3) negative outlet tubing, (4) sorting microfluidic device on microscope stage, 

(5) laser beam, C) the droplet sorting process: (i) droplet flowing towards the negative outlet, 

(ii) droplet redirected towards the positive outlet, D) a typical fluorescence intensity trace 

recorded during a sorting experiment. The dashed line indicates the sorting threshold. 

3.3.2. Laser set-up optimisation for quantitative fluorescence detection 

Previous FADS work within the Abell research group was performed using a laser spot with a 

laser intensity which followed a Gaussian profile and a diameter of approximately 5 μm at 

half maximum height of the Gaussian profile (figure 3.7A). Because the size of the laser spot 

was smaller than the size of the droplets, only a small part of the microdroplets was irradiated 

by the laser when they flowed through the channel. For droplets that were 45 μm in diameter 

(48 pL in volume), approximately one sixth of the droplet volume (8 pL) was actually irradiated 

by the laser beam. This significantly impacted the fluorescence detection results obtained, 

because whether the encapsulated cells would be detected depended on the position of the 

cells relative to the laser beam. Furthermore, the detected fluorescence would frequently be 

artificially low due to the cells being only partially irradiated by the laser spot.160 

A B 

C (i) (ii) D 
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This system could be improved if the intensity of the laser light used to illuminate the droplets 

was homogeneous across the microfluidic channel, so that the encapsulated cells are 

irradiated by the laser regardless of their position in the droplet and so that quantitative 

fluorescence readings are obtained. To improve the accuracy of the platform, a cylindrical 

lens was used to turn the circular spot of the laser beam into a sheet that can scan the entire 

width of the microfluidic channel (figure 3.7B). This had a significant impact on the 

fluorescence intensity values recorded by the PMT, since it eliminates any error that might 

arise from the relative placement of the laser spot and the cells in the microfluidic channel. 

The improved accuracy of the detection set-up was illustrated by using Alignflow™ 

fluorescent beads which were encapsulated in microdroplets (figure 3.7C). These beads are 

stained internally and are highly uniform with respect to both size (diameter = 2.5 μm) and 

fluorescence intensity. The generated droplets (diameter = 45 μm) were reinjected in the 

microfluidic sorting device and their fluorescence was recorded by irradiating them with the 

laser spot and the laser sheet.  

       

Figure 3.7: Laser beam shape and position in the channel of a microfluidic sorting device: A) 

laser spot (image provided by Dr Ziyi Yu) and B) laser sheet; C) Alignflow fluorescent beads 

encapsulated in 45 μm microdroplets. 

The detection results obtained from the two different laser set-ups were compared. The 

fluorescence peaks recorded using the laser spot set-up (figure 3.8A) displayed an 87% 

variation in intensity, while, when the laser sheet was used (figure 3.8B), this variation was 

reduced to 29%.  There was, therefore, a three-fold reduction in the CV value of the 

fluorescence data recorded, with the fluorescence signals recorded through laser sheet 

irradiation being much more uniform in intensity. This difference in the results is expected 

A

 

B C 
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since, when a laser sheet is used, the placement of the beads in the droplet or the placement 

of the droplet in the channel do not affect the fluorescence read-out. 
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Figure 3.8: A) Microdroplets containing Alignflow™ fluorescent beads used to assess the 

performance of the laser set-up; fluorescence intensity trace (i) corresponding to fluorescent 

beads encapsulated in microdroplets and the corresponding fluorescence intensity 

distribution (ii) when the droplets are irradiated by A) a laser spot and B) a laser sheet. Data 

collected in collaboration with Dr Ziyi Yu. The experiment was performed twice. 

While, using a shaping lens changed the shape of the laser beam into a laser sheet, the 

intensity of the laser along this sheet was different. The middle section of the laser sheet was 

more intense than the edges, because of the Gaussian profile of the laser itself.161 To address 

this issue, the optics of the laser set up were altered with the help of Dr Aleks Ponjanik from 

the Klenerman group, Department of Chemistry, University of Cambridge. By substituting the 

cylindrical lens, previously used to shape the beam, with a Powell lens, the Gaussian 

distribution of the laser beam was turned into a flattop beam.161 A Powell lens is capable of 

converting a gaussian laser beam into a uniform laser sheet that displays less than 30% 

variation in intensity at the central 80% of its length (figure 3.9A).162 The width of the resulting 

laser sheet was 5 μm and its length was approximately 150 μm.  
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This change further improved the performance of the laser sheet system. The optimised laser 

sheet system could detect and measure the fluorescence emitted by the beads more 

quantitively than the previous set-up. When tested, there was an 8% variation in the intensity 

of the fluorescence signals recorded for the single encapsulated beads (figure 3.9B-C) as 

compared to an approximately 29% variation recorded prior to this change (figure 3.8B). 

Subsequent repeat measurements showed that this result was reproducible and an 8 – 10% 

variation in fluorescence values was recorded in each measurement. 

While laser sheet illumination has been used before in FADS to screen droplets, a cylindrical 

lens was used instead of a Powell lens to shape the beam.73,163 As seen in figure 3.9A, the 

sheet generated with this lens is less homogeneous in intensity than the sheet that was 

generated by using a Powell lens and, as a result, it yields less accurate fluorescence data.  

While Powell lenses are used in light-sheet microscopy and LIF systems to shape the laser 

beam and increase fluorescence detection accuracy,164 there are no references found in 

literature of them having been used in conjunction with droplet microfluidics to improve 

fluorescence detection in droplets.  With this innovation, which is a methodological 

improvement over existing literature approaches, more quantitative fluorescence 

measurements can now be obtained. The improved platform can be used to detect the 

intracellular fluorescence of algae, in cases where cells with higher fluorescence must be 

identified, even if the variation in the intensity of the fluorescence emitted is relatively small. 

For example, as will be seen in Chapter 4, the platform could be used in the identification of 

cells with higher lipid content, which are stained by a lipophilic fluorescence dye. In this case, 

the differences in lipid content between cells could be small, so increased detection sensitivity 

is required to identify cells of interest. 
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Figure 3.9: A) Ray trajectory diagrams and the corresponding laser intensity distribution 

patterns on detector plane when using (i) Powell lens optics and (i) cylindrical lens optics, 

adapted from ref.165, B) fluorescence intensity trace and C) fluorescence intensity 

distribution of the fluorescence emitted by Alignflow beads encapsulated in 45 μm diameter 

(48 pL) droplets when they are irradiated by the optimised laser sheet system. This test was 

performed four times. 

3.3.3. Chlorophyll fluorescence detection with the laser sheet set-up 

To further compare the capabilities of the two fluorescence detection set-ups, these were 

used for the detection of the chlorophyll fluorescence emitted by algal cells. Two algal species 

that are different in size were selected for this purpose, N. gaditana (Ng) (2 µm in diameter), 

and P. tricornutum (Pt) (approximately 20 µm in diameter).  Ng cells are small in size and, as 
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they move around in the flowing microdroplets, they can be easily missed by the laser spot 

illumination, as was observed during previous experimental work conducted within the Abell 

group.160 On the other hand, Pt cells, while larger in size, can exist in a variety of unusual 

shapes depending on their culture conditions. These cell species were selected to prove that 

the improved platform can detect the fluorescence of cells accurately, irrespective of their 

size or shape. 

A sample of Pt cells was encapsulated into microdroplets which were 43 μm in diameter (42 

pL in volume). Imaging of the generated droplets showed that 8% of the droplets contained 

cells. The collected droplets were then divided into two samples. The fluorescence of the first 

sample was detected with the laser spot set-up (figure 3.10A(i)) and the fluorescence of the 

second sample was detected with the laser sheet (figure 3.10A(ii)). In both cases, other 

experimental parameters (microfluidic device used, flow rates of droplets and spacing oil) 

were kept the same so that direct comparison of the recorded results would be possible.  

A trace of the fluorescence emitted by the droplets flowing past the laser beam was recorded 

over 6 minutes. The number of peaks detected by the laser sheet set-up was then compared 

to the number of peaks detected by the laser spot set-up (table 3.1).  This comparison 

revealed that while 1552 peaks were detected with the laser sheet, in the case of the laser 

spot this number was only 1075 peaks, showing that 31 % of the cells flowed past the laser 

spot undetected because the laser beam was too small to cover the entire channel.  

The experiment was repeated using Ng cells. In this case the difference in the fluorescence 

detected (figure 3.10B) was even more pronounced due to the smaller size of the Ng cells. 

While 1686 peaks were detected with the laser sheet, only 738 peaks were detected with the 

laser spot, showing that 56 % of the cells were not detected. 
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Table 3.1 

Number of chlorophyll fluorescence peaks recorded over 6 minutes 

 

Ng 

Laser spot 738 

Laser sheet 1686 

 

Pt 

Laser spot 1075 

Laser sheet 1552 

 

Figure 3.10: A) Histograms of the chlorophyll fluorescence emitted by Ng cells as detected 

over 6 minutes with i) the laser spot and ii) the laser sheet; B) histograms of the chlorophyll 

fluorescence emitted by Pt cells as detected over 6 minutes with i) the laser spot and ii) the 

laser sheet. The experiment was performed once. 

The difference in the fluorescence intensity distribution is also readily apparent. When the 

laser spot is used to irradiate the cells, the irradiation is not uniform. The encapsulated cells 

are exposed to different amounts of the laser light depending on their position in the channel. 

This results in large variations in the fluorescence signals recorded and makes quantitative 

detection impossible. By turning the laser spot into a laser sheet, the distribution of the 
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fluorescence intensity became narrower, a result of the cell irradiation being more uniform. 

Since the results obtained using the laser sheet set-up were more quantitative, it was used 

for all subsequent fluorescence detection experiments. 

To test the fluorescence detection capabilities of the laser sheet set-up, it was used to detect 

the chlorophyll fluorescence of Pt cells grown under constant illumination with higher 

intensity light and Pt cells grown under a light-dark cycle and lower intensity light. As 

mentioned in section 3.1., cells cultured under such light conditions will contain low and high 

chlorophyll levels respectively. An experiment was designed to determine whether the 

fluorescence detection set-up is sensitive enough to distinguish between a sample of cells 

that have high chlorophyll content and another that contains cells that have low chlorophyll 

levels. The two samples would then be mixed to determine whether they can be successfully 

sorted based on the current system capabilities. To successfully distinguish which culture the 

cells came from once they would be mixed together for sorting, it was proposed that one of 

the cell samples contain GFP-expressing cells so that the GFP fluorescence can serve as an 

identification feature. 

Samples of wild type Pt cells and GFP-expressing Pt cells with an initial concentration of 1 x 

105 cells/mL were cultivated in two 24-well plates under different light regimes. Half of the 

wells in each well plate were used to culture wild type cells and the other half were used to 

culture GFP-expressing cells. The well plates were both placed in Infors HT shakers which 

provide uniform LED lighting. The cells in the first plate were cultivated under a low light 

intensity (30 μmol m−2 s−1) light / dark regime (LD, 16 hrs light / 8 hrs dark) and the cells in the 

second plate were grown under a continuous illumination regime (LL) of higher light intensity 

(75 μmol m−2 s−1). All other growth conditions were the same for both plates (temperature, 

shaking, nutrients). The growth of the algae was tracked over 13 days by measuring the OD730 

of the cultures and the chlorophyll in the cells was extracted and measured every two days. 

The chlorophyll extraction was performed by treating the Pt cells with DMF. The absorbance 

of the extracted chlorophyll at 630 nm (A630) and 664 nm (A664) was recorded using a 

spectrophotometer (Helios Alpha, Thermo Scientific, UK). The total chlorophyll content of the 

cells was calculated according to equation 3.1:157  

Total Chlorophyll content (μg/mL)  =  7.74 ×  A664 +  23.39 ×  A630     (Equation 3.1) 
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The resulting growth curves (figure 3.11A) and the measurements of the bulk chlorophyll 

content (figure 3.11B) were consistent with the results reported by Laohavisit et al. (figure 

3.2).157 The growth of the cells under continuous light was initially faster than that of the cells 

grown under a light / dark regime. This could be attributed to the difference in light intensity, 

as algal cell growth is inhibited by low-intensity light.156 

 

Figure 3.11: A) Growth curves of wild type (i) and GFP-expressing Pt cells (ii) grown under 

continuous illumination (LL) or a 16 hrs light / 8 hrs dark cycle (LD), B) the chlorophyll content 

of the wild type cells (i) and the GFP-expressing cells (ii) over time, as determined through a 

bulk measurement. Each data point represents the average of two measurements. 

On day 8, a sample of wild type cells grown under a light/dark cycle (LD) and a sample of GFP-

expressing cells grown under continuous light (LL) were extracted from the cell cultures and 

they were encapsulated separately into 40 μm (34 pL) droplets. The chlorophyll fluorescence 

emitted by the cells of each population was recorded separately using the laser sheet 

platform (figure 3.12). As the chlorophyll fluorescence was filtered using a 635 nm long-pass 

emission filter, there was no interference by the GFP fluorescence of the GFP-expressing cells 
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which is emitted at lower wavelengths (emission maximum = 510 nm). Prior to their 

encapsulation, the concentration of the cell samples was determined with a Coulter counter 

and the chlorophyll in the cells was extracted and measured through a bulk measurement 

(table 3.2).  

 

A comparison of the two fluorescence intensity distributions obtained by the laser sheet set-

up, showed that the cells cultured under the light / dark cycle had a higher overall chlorophyll 

content than the cells cultured under continuous light. Additionally, since the encapsulated 

cells were screened one by one, the cell-to-cell variation in the chlorophyll content was 

observed, which was not possible when performing the bulk measurement of the chlorophyll 

content (table 3.2). For the sample cultured under the light / dark cycle a 37% variation in 

fluorescence intensity was observed (average fluorescence intensity = 1.10 ± 0.41 a.u.), while 

for the sample cultured under continuous light the variation was approximately 48% (average 

fluorescence intensity = 0.35 ± 0.17 a.u.).  

Table 3.2: Results of the bulk measurement of the Pt cell concentration and the 

chlorophyll content on day 8 

 
Concentration 

(cells/mL) 

Chlorophyll content on day 8 

based on bulk measurement 

(μg/mL) 

Chlorophyll content on day 8 

based on bulk measurement 

(pg/cell) 

wt (LD) 4.75 x 10
6
 6.3 1.3 

GFP (LL) 5.30 x 10
6
 4.6 0.9 
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Figure 3.12: A) Chlorophyll fluorescence peak intensity histograms corresponding to wild type 

cells grown under a 16 hr light / 8 hr dark cycle (black) and GFP-expressing cells grown under 

continuous light (red) as recorded by the laser sheet on day 8; the dashed line indicates the 

theoretical sorting threshold, B) chlorophyll fluorescence trace recorded over two minutes 

for (i) the wild type Pt cells cultured under a 16 hr light / 8 hr dark regime and (ii) the GFP-

expressing Pt cells cultured under a continuous light regime (droplet re-injection rate: 20 

μL/hr (1.9 mm/s), spacing oil flow rate: 360 μL/hr (3.3 cm/s)). 

Subsequently, droplets containing the two types of cells were mixed at a 1:1 volume ratio and 

loaded in a syringe. An attempt was made to sort the cells based on their chlorophyll 

fluorescence and thus to separate the encapsulated wild type cells that had a higher 

chlorophyll fluorescence from the GFP-expressing cells which had lower chlorophyll 

fluorescence. At the end of this sorting procedure, the droplets collected at the positive outlet 

should primarily contain wild type cells. The GFP-expressing cells, as well as wild type cells 

with lower chlorophyll fluorescence, should be collected at the negative outlet. The GFP 

fluorescence of the cells could be detected to assess which culture the cells came from.  

The PMT output value was adjusted so that only the fluorescence peaks from the 

encapsulated wild type cells would be above the sorting threshold to ensure that these cells 

would be collected at the positive outlet, while the GFP-expressing cells would be collected 

at the negative outlet along with empty droplets. The theoretical sorting threshold is shown 

in figure 3.12A. Due to the adjustment of the gain prior to sorting, the position of the 

A 
B (i) 

(ii) 

sorting threshold 
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threshold is just an approximation.The sorting procedure was not successful due to the 

continuous change in the chlorophyll fluorescence signal of the cells over the multiple hours 

of the experiment, which resulted in the fluorescence signals of the two cell populations 

becoming less distinct. Subsequent repeats of the experiment suffered by the same 

limitation. The sorting process was be carried out in the dark so that background light was at 

a minimum during the fluorescence detection, however, due to this extended incubation in 

the dark, the chlorophyll content of the encapsulated cells likely changed over time. This 

experiment revealed a limitation of the sorting platform. To collect a sample of droplets 

sizable enough to analyse, a sorting experiment must be run for multiple hours. As a result, 

the sorting platform cannot be used successfully for samples whose fluorescence can easily 

change during a short period of time.  

3.3.4. Sorting based on chlorophyll fluorescence to eliminate empty droplets 

Due to the random flow of the cells in the microfluidic channel during the cell encapsulation 

procedure, the distribution of the cells in the generated droplets is determined by Poisson 

statistics.148 For this reason, and because of the need for having only one cell per droplet, 

most of the droplets collected after a cell encapsulation procedure are empty, with only a 

small percentage (up to 20%) of droplets containing cells. The presence of the empty droplets 

drastically reduces the efficiency of subsequent droplet microfluidic experiments. A possible 

method to eliminate empty droplets from a sample, is using the droplet sorting platform to 

enrich the sample with only droplets that contain cells. As has been previously demonstrated 

by the Abell group, the sorting platform can distinguish between droplets that contain algal 

cells and droplets that are empty based on the detection of the chlorophyll auto-fluorescence 

emitted by the encapsulated algal cells.82 

Pt cells at a concentration of 1.4 x 106 cells/mL were encapsulated in microdroplets that were 

40 μm in diameter. Imaging of the generated droplets showed that 8% of the droplets 

contained cells while the rest were empty (figure 3.13A). The droplets were collected in a 1 

mL plastic syringe, which was then loaded onto a syringe pump so that the droplets could be 

reinjected into a sorting device. 

The droplets were re-injected in the sorting device at a flow rate of 9 μL/hr (approximately 

0.83 mm/s at the detection point) and Novec-7500 with 1% Picosurf 1, which was used as the 
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spacing oil, was injected at a flow rate of 160 μL/hr (1.48 cm/s). The chlorophyll fluorescence 

of the encapsulated cells was detected using a 635 nm long-pass emission filter. Figure 3.13B 

shows one minute of the chlorophyll fluorescence data recorded by the PMT. The PMT gain 

was adjusted so that all the chlorophyll fluorescence peaks recorded would be higher in 

intensity than the sorting threshold. Then the droplets were sorted and all droplets that 

emitted a chlorophyll signal were collected at the positive outlet. 

 

Figure 3.13: Chlorophyll fluorescence detection and sorting of droplets containing Pt cells 

from empty droplets with laser sheet platform (excitation by a 491 nm laser, 80 mW, 

fluorescence was filtered using a 635 nm long-pass filter). Data collected in collaboration with 

Dr Ziyi Yu. The experiment was performed once. 

At the end of the sorting procedure, the droplets collected at the positive and the negative 

outlet were imaged with a brightfield microscope. Of the droplets collected at the positive 

outlet, 99% contained Pt cells (figure 3.13C(i)). The empty droplets that were collected at the 

positive outlet could be attributed to false positives that occurred due to pressure 

fluctuations in the sorting device. Pressure fluctuations occurred likely due to an experimental 

error and can be eliminated by ensuring that there are no air bubbles in the system and by 

keeping the sorting device and the tubing fixed in place during the sorting process.  

In contrast, the droplets collected at the negative outlet of the sorting device were all empty 

(figure 3.13C(ii)). These results were an improvement over past results by Best et al.82 which 

were recorded using the laser spot set-up. They observed a small number (∼3%) of false 

A B C (i) 

(ii) 
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negatives at the negative outlet, after sorting droplets containing C. reinhardtii cells from 

empty droplets, resulting in the loss of a fraction of the cells. Those false negatives were 

probably the result of their use of a laser spot to irradiate the cells, an issue that has now 

been resolved, with false negatives no longer being observed. 

3.3.5. GFP fluorescence detection and sorting 

To improve the productivity of algal cells, in terms of biomass and the production of chemicals 

of interest, and to reduce the production costs and water consumption which are required 

for the industrial exploitation of algae, genome editing of algal cells is pursued by researchers. 

With the recent development of the appropriate tools for the genetic transformation of algal 

cells,166-168 the focus is now on developing new strains of cells that display a variety of 

desirable properties,169 such as increased biomass and chemical productivity.170 This effort is 

aided by fluorescent markers, such as GFP, that are used to show whether a genetic 

transformation has been successful or not. 

Using genetic transformation methods, such as electroporation171 or biolistic 

transformation32, algal cells can be transformed to express fluorescent proteins by the 

introduction of the corresponding genes in the cells. By detecting the fluorescence emitted 

by the proteins it is possible to determine which cells have been successfully transformed. 

However, the cell transformation process has low efficiency, and the identification and 

recovery of the transformed cells can be a labour-intensive and time-consuming process.  

The FADS platform could be used to detect the fluorescence emitted by the fluorescent 

markers and to screen a mixture of cells at a high throughput to sort the transformed cells 

from the wild type cells. This can speed up the transformation workflow, therefore facilitating 

the identification of new high performing microalgal strains. 

To test this idea, a 1:1 mixture of GFP-expressing and wild type Pt cells  was encapsulated in 

microdroplets. The droplets were reinjected in a sorting device at a flow rate of 10 μL/hr (0.93 

mm/s) and Novec 7500 with 1% Picosurf 1, which was used as the spacing oil, was injected at 

160 μL/hr (1.48 cm/s). The GFP fluorescence of the encapsulated cells was detected after 

excitation by the 491 nm laser. Figure 3.14A shows one minute of the GFP fluorescence data 

recorded by the PMT. While the GFP-expressing Pt cells displayed strong GFP fluorescence, 
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the wild type cells displayed weak green autofluorescence resulting in two distinct cell 

populations, so careful adjustment of the PMT gain was needed to ensure that only GFP-

expressing cells would be collected at the positive outlet (figure 3.14B).  

The droplets collected at the positive channel after the sorting procedure were de-emulsified 

through the addition of PFO and the cells contained within were imaged under a fluorescence 

microscope and fluorescence intensity values were obtained from the fluorescence images 

using ImageJ. The fluorescence emitted by the collected cells was compared to the 

fluorescence of the cells in the initial mixture. As shown in figure 3.14C, the Pt cells in the 

initial mixture had different levels of green fluorescence, while on the other hand, the GFP 

fluorescence emitted by the cells collected at the positive outlet after the sorting was strong 

(figure 3.14D), which was proof that the FADS platform can be reliably used to isolate 

transformed cells from a mixture with wild type cells. The empty microdroplets, as well as 

droplets which contained cells with weak green fluorescence, were collected at the negative 

outlet. Further work for the optimisation of the GFP fluorescence sorting process was 

conducted by Dr Ziyi Yu.172 
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Figure 3.14: A) GFP fluorescence trace obtained as the encapsulated Pt cells from a mixture 

of wild type and GFP-expressing cells pass through the microfluidic channel and are excited 

by the laser beam, B) histogram of the GFP fluorescence emitted by the Pt cells showing the 

two populations of cells; the dashed line indicates the sorting threshold, C) (i) microscope 

image of the mixture of GFP-expressing Pt cells and wild type cells before encapsulation and 

sorting and (ii) histogram of the GFP fluorescence emitted by the cells as measured through 

ImageJ software analysis, D) (i) microscope image of Pt cells recovered by de-emulsifying the 

droplets collected at the positive outlet of the sorting device, imaged by Dr Ziyi Yu and (ii) 

histogram of the GFP fluorescence emitted by the collected cells. The experiment was carried 

out once. 
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3.3.6. Droplet sorting and dispensing with Cyto-mine® 

As shown in sections 3.3.3. and 3.3.5., our current droplet sorting platform enables us to 

collect a subpopulation of high producing cells, however, it is a challenge to dispense and 

isolate individual cells of interest. An enriched cell population can be obtained, but it is a 

polyclonal population. A sorting platform which could be used for single cell selection, would 

enable a wider range of experiments, such as the isolation of rare cell clones from a cell 

library, and would be invaluable for cell line development. To achieve single droplet selection 

and to isolate individual cells after sorting, we used the Cyto-Mine Single Cell Analysis and 

Monoclonality Assurance System developed by Sphere Fluidics.173 

Cyto-Mine (figure 3.15A) is designed to streamline the process of cell line development. It 

uses an integrated droplet microfluidics platform to automatically screen large populations 

of cells and then to select and dispense droplets containing cells of interest in the wells of a 

well-plate.81 The accurate dispensing of microfluidic droplets after sorting is an invaluable 

addition to the sorting platform and greatly facilitates the selection of specific cells of interest 

and the study of those single cells off-chip.115,174 Cyto-Mine enables users to perform droplet 

generation, sorting and dispensing on one microfluidic cartridge (figure 3.15B).  

A cell sample is loaded onto the microfluidic cartridge, as shown in figure 3.15C, and it is 

automatically encapsulated into microdroplets. The generated microdroplets can be 

incubated on-chip if required. In the next step, the droplets are directed towards a sorting 

module, where their fluorescence is detected after illumination by a laser sheet. At that point, 

gating is used to select the droplets of interest and these droplets that have the desired 

fluorescence are collected at the positive channel of the sorter. Once the sorting process is 

finished, the fluorescence of each of the collected droplets is detected for a second time to 

confirm that there have been no false positives. At the same time, the droplets are imaged 

by a brightfield camera so that the user can check the occupancy of each droplet. Then the 

droplets are dispensed one by one in the wells of a 96 or a 384 well plate. The data about the 

droplet fluorescence and occupancy are linked with the well into which the corresponding 

droplet is dispensed.81 In this fashion, the culture of specific single cells off-chip can be 

achieved. 
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Figure 3.15: A) Cyto-Mine Single Cell Analysis and Monoclonality Assurance System, B) the 

Cyto-cartridge® used with Cyto-Mine®, adapted from ref.81, C) the Cyto-Mine® operation 

scheme, adapted from ref.173; (i) sample loading to the Cyto-Mine cartridge using a pipette 

and insertion of the cartridge into Cyto-Mine, followed by (ii) cell encapsulation into 

microdroplets, (iii) droplet incubation on-chip, (iv) droplet sorting and (v) imaging of the 

positive droplets, prior to (vi) dispensing to a 96-well plate. 

Cyto-Mine is a very new instrument, which was launched in the market in 2018, and it has 

never been used to sort algal cells before. An experiment was therefore performed to test 

whether Cyto-Mine® can be used for the sorting and dispensing of single Pt cells. Through this 

experiment, we examined whether Cyto-Mine® can be used to detect the intracellular 

fluorescence of Pt cells and, based on that fluorescence, to distinguish between transformed 
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and wild type Pt cells. Furthermore, we examined whether Cyto-Mine can successfully 

dispense single Pt cells into the wells of a well-plate after sorting. Finally, we tested whether 

the dispensed single Pt cells can grow on a well plate in a large volume of growth medium or 

if a volume limitation is required for growth to take place. The work described in this section 

was performed at Sphere Fluidics in collaboration with Dr Xin Liu who operated Cyto-Mine. 

The sample preparation, the culture of the collected cells and the data analysis were 

performed by me. 

A cell sample was prepared which contained a 1:1 mixture of wild type and GFP-expressing Pt 

cells in F/2 medium (total concentration 3 x 105 cells/mL). The cell sample was loaded onto 

the Cyto-Mine cartridge and the instrument encapsulated the cells into 450 pL microdroplets. 

The instrument’s capability to detect the fluorescence of the encapsulated cells was tested. 

The encapsulated cells were excited using a 488 nm laser which was shaped into a sheet. A 

520 nm emission filter (bandwidth: 15 nm) was used for the GFP fluorescence detection. For 

the chlorophyll fluorescence detection, a 620 nm emission filter (bandwidth: 14 nm) had to 

be used as the present configuration of Cyto-Mine offers fixed filter choices. Unfortunately, 

the emission band of the filter was too narrow to allow all the chlorophyll fluorescence to 

come through. As a result, the chlorophyll fluorescence could not be detected and only the 

GFP fluorescence was successfully recorded (figure 3.16). 
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Figure 3.16: A) Scatter plot showing the recorded values of the chlorophyll and the GFP 

fluorescence of the encapsulated cells, B) histograms of (i) the chlorophyll fluorescence 

intensity and (ii) the GFP fluorescence intensity. 

Despite not being able to detect the chlorophyll fluorescence, the droplets were sorted based 

on GFP fluorescence. Having thus shown that Cyto-Mine can successfully sort the Pt cells, the 

next question that was explored was whether viable cell cultures could be generated off-chip 

from single cells. The droplets containing cells with high GFP fluorescence were collected at 

the positive channel of the sorting device and they were subsequently dispensed into two 96-

well plates and one 384-well plate. Imaging of the droplets during the dispensing process 

revealed that 87% of the dispensed droplets contained single cells, while 12% contained two 

cells and 1% contained either 3 or 4 cells (figure 3.17). 
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Figure 3.17: A) number of cells per dispensed droplet, B) Images of the droplets collected at 

the positive channel during the dispensing process; (i) droplet containing one Pt cell, (ii) 

droplet containing two Pt cells, (iii) droplet containing three Pt cells. 

Prior to the dispensing process, each of the wells of the 384-well plate was loaded with 6 μL 

of F/2 media. Each of the wells of the 96-well plates were loaded with 30 μL of F/2 media. 

Once the dispensing process was finished, different volumes of F/2 were added to the wells 

of the 384-well plate, so that the effect of different growth medium volumes on the growth 

of the cells could be examined. The final F/2 volume in the first four rows of wells was 12 μL, 

in the next four rows it was 24 μL, in the four rows after that it was 48 μL and in the final four 

rows it was 72 μL. The wells of the two 96-well plates were all topped with F/2 up a total 

volume of 150 μL. The well plates were placed in an incubator and they were cultured at 18 

°C under a 16 hr light / 8 hr dark regime for 27 days. The growth of the cells on the well plates 

was monitored by measuring the OD730 with a plate reader (figure 3.18). 

In the 384-well plate cell outgrowth took place, but in the wells that contained smaller 

volumes of F/2 the cell growth was hindered by the evaporation of the growth medium over 

time.  

Overall, cell growth was more extensive in the 96-well plates. The cells dispensed to these 

plates grew without any issue in the larger volume of F/2 medium. The measurement of the 

OD730 on day 27 showed that cell growth took place in 133 of the 190 wells (70% viability 

rate). Of those 133 wells, 114 wells (86%) initially contained single cells, meaning that, 
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through the dispensing process, 60% of the collected droplets yielded viable monoclonal Pt 

cell cultures. 

A 0.47 0.48 0.43 0.57 0.73 0.32 0.16 0.67 0.56 0.63 0.72 0.16

B 0.09 0.74 0.81 0.90 0.80 0.96 0.08 0.95 1.04 0.08 0.74 0.44

C 0.08 0.69 0.94 0.95 1.01 0.83 0.76 0.08 0.09 0.83 0.09 1.37

D 0.66 0.93 1.16 0.08 0.96 0.09 0.96 0.69 0.81 0.08 0.74 0.08

E 0.62 0.97 0.93 0.87 0.93 1.65 0.51 0.08 0.08 0.92 0.83 0.48

F 0.08 0.83 0.80 0.83 0.81 0.08 0.85 0.88 0.08 0.78 0.65 0.47

G 0.60 0.26 0.13 0.74 0.08 0.36 0.86 0.87 0.70 0.08 0.70 0.14

H 0.09 0.64 0.80 0.58 0.60 0.09 0.08 0.18 0.68 0.08 0.08

 

1 2 3 4 5 6 7 8 9 10 11 12

A 0.10 0.24 0.08 0.69 0.70 0.08 0.08 0.88 0.74 0.60 0.65 0.34

B 0.57 0.67 0.92 0.97 0.08 0.08 0.10 0.97 0.08 1.01 0.81 0.08

C 0.08 0.75 0.08 0.08 0.89 1.03 0.86 0.92 0.83 0.97 0.84 0.08

D 0.76 0.91 0.08 0.88 0.08 0.97 1.07 1.04 0.94 0.94 0.67 0.23

E 0.56 0.09 0.08 1.13 1.01 0.95 0.08 1.02 0.08 1.19 0.08 1.38

F 0.08 0.97 0.97 0.84 0.29 1.08 0.96 0.82 0.98 0.69 0.82 0.15

G 0.65 0.08 0.08 0.08 0.10 0.08 0.41 0.08 0.08 0.84 0.84 0.08

H 0.62 0.54 0.89 0.60 0.08 0.09 0.83 0.08 0.08 0.09 0.13  

Figure 3.18: The OD730 values of the cells cultured on the two 96-well plates which were 

recorded on day 27. The green cycles denote wells in which cell growth has taken place (OD730 

> 0.1), while the red and yellow cycles denote wells in which limited or no growth has taken 

place (OD730 ≤ 0.1). The orange rectangles correspond to wells to which droplets with multiple 

cells were dispensed. 

3.4. Conclusion 

In this chapter, a FADS platform was used for the detection of the intracellular fluorescence 

of Pt cells encapsulated in microdroplets. The optical set-up of the platform was modified to 

improve the accuracy of the fluorescence detection. The fluorescence detection capabilities 

of this improved platform were compared to those of a previously used platform, and the 

fluorescence data recorded using the improved platform were 10 times more accurate. The 

FADS platform was furthermore able to successfully distinguish between cell cultures 

containing cells of different fluorescence levels when it was used to detect the chlorophyll 

fluorescence of Pt cells cultured under different light conditions, who, as a result, contained 

different levels of chlorophyll.  

The improved accuracy of the FADS platform was displayed when the platform was used to 

sort droplets containing Pt cells from empty droplets, to overcome the issue of the random 
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encapsulation of the cells in droplets. This was done by sorting the droplets based on 

chlorophyll fluorescence. The platform successfully isolated the droplets containing cells from 

the empty droplets without any false negative results being observed. This was a 3% 

improvement on previous results recorded by the Abell group, in which false negative 

droplets were observed, leading to a loss of cells of interest.82  

Besides chlorophyll fluorescence, the FADS platform was also used to detect GFP fluorescence 

and to successfully sort GFP-expressing Pt cells from a mixture with wild type Pt cells. By 

isolating the transformed GFP-expressing cells from the rest, an enriched population was 

obtained. The use of FADS to recover transformed cells after the transformation process 

successfully speeds up the algal transformation workflow which can traditionally take several 

weeks.172 

Finally, the possibility was explored of using the Cyto-Mine Single Cell Analysis and 

Monoclonality Assurance System to sort Pt cells and to dispense them one-by-one to the wells 

of a well plate to obtain monoclonal Pt cell cultures. The intracellular GFP fluorescence of 

transformed Pt cells could be detected by the instrument, thereby enabling the sorting of the 

transformed cells from wild type cells. The sorted GFP-expressing Pt cells were dispensed into 

the wells of 96 and 384-well platesand monoclonal cell cultures were successfully obtained, 

as the single Pt cells could grow in the wells, in a volume as large as 150 μL. This test showed 

that it is possible to overcome a major limitation of our sorting platformwhich was the 

difficulty in the collection and handling of small volumes of droplets. Sorting experiments had 

to be run for longer times to ensure that a large enough number of droplets were collected. 

As a result, enriched cell subpopulations could be obtained, but it was not feasible to select 

specific cells of interest. If our sorting platform is combined with automated droplet 

dispensing for single cell selection and monoclonal culture generation, that would enable a 

wider range of experiments, such as the isolation of rare cell clones from a cell sample and it 

would put our platform at the same level as other state of the art systems which combine 

droplet sorting with droplet dispensing.115,116 

3.5. Future work 

Due to a lack of available time, it was not possible to complete further experiments using 

Cyto-Mine. These initial results, however, were very promising and a number of further 
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experiments could be performed using the platform. While the intracellular GFP fluorescence 

of the transformed cells could be detected by the Cyto-Mine Single Cell Analysis and 

Monoclonality Assurance System, the system did not possess the appropriate emission filter 

to detect the chlorophyll fluorescence of the cells. Further experiments can be performed by 

updating the emission filter for chlorophyll fluorescence analysis. In the meantime, Cyto-Mine 

could be further used for GFP fluorescence detection, to identify and isolate mutants with 

higher GFP fluorescence. Additionally, in future experiments, the GFP fluorescence of the 

dispensed cells could be tracked as they grow on the well plates, to determine whether GFP 

expression remains constant over time.  
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CHAPTER 4 

Intracellular lipid staining by BODIPY 505/515 and fluorescence 

detection 

4.1. Introduction 

 The capability of algal cells to produce lipids through photosynthesis is of interest to both 

researchers and industry. Microalgae have the ability to accumulate large amounts of lipids. 

Their lipid content can vary greatly depending on the algal species, as well as the 

environmental conditions, with some algae containing up to 50-80 % of their dry weight in 

lipids.12 Algal lipids can be used in the production of biofuel, such as biodiesel. Furthermore, 

some microalgae species are a source of high value lipids, such as the omega-3 lipids EPA 

(eicosapentaenoic acid) and DHA (docosahexaenoic acid), which are not found in large 

quantities in other natural sources.175  

Neutral lipids, predominantly triacylglycerols (TAGs), accumulate in the cytoplasm of algal 

cells in the form of lipid bodies. These lipid bodies act as energy storage for the cells when 

they are in the stationary phase of growth or when they are under stress conditions.175 The 

accumulation of TAGs can be triggered by nutrient limitation or by changes in the salinity and 

the pH of the growth medium.  

Unfortunately, despite extensive efforts to cultivate algae on an industrial scale, the 

production of algal lipids is often economically unfavourable.22 As a result, ongoing research 

is focused on optimizing the production of lipids by algae, either by determining the optimal 

cell culturing conditions which would result in increased lipid productivity2,176 or by 

developing new microalgal strains that display more desirable characteristics.30 

4.1.1. Intracellular lipid staining 

In order to study the production of lipids by the algal cells, a reliable method is needed to 

determine the intracellular lipid content. The traditional method used to quantify the lipids 

produced by algal cells requires the use of gravimetric techniques after solvent extraction.51 

This is a laborious method which takes about 3–4 days and requires a cell sample that weighs 
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at least 10–15 mg.177,178 Furthermore, as this is a bulk method, it is not possible to determine 

the lipid content at the single cell level.  

As an alternative lipid detection method, fluorescent dyes have been developed that are able 

to stain the lipid bodies inside the cells without the need of extracting the lipids first. These 

dyes are lipophilic and fluoresce intensely in lipid rich environments, enabling the 

visualization of the lipids using fluorescence microscopy or the fluorescence-based screening 

of cells using flow cytometry.179 

Due to the intense autofluorescence emitted by algal cells, the fluorescent probes used to 

stain the lipid bodies inside microalgae must emit at wavelengths distinct from the emission 

wavelengths of chlorophyll. The fluorescent dyes most commonly used to stain intracellular 

lipids in algae are therefore Nile Red (figure 4.1A) and BODIPY 505/515 (figure 4.1B)(as well 

as its structurally close analogue BODIPY 493/503). Nile Red emits intense yellow light when 

staining the neutral lipid bodies inside the cells,180 while BODIPY 505/515 emits green 

fluorescence at wavelengths similar to fluorescein (FITC). Both dyes are commonly used, 

however, BODIPY 505/515 appears to have some advantages over Nile Red, when it comes to 

the study of microalgae. Nile Red cannot easily penetrate thick cellular walls,181 as shown in 

lipid staining experiments performed on various green algae, such as Chlorella vulgaris, 

Pseudochlorococcum sp182 and Nannochloropsis.183 As a result, organic solvents, such as 

DMSO and acetone, or intense preparation methods, such as microwaving,184 are needed to 

increase the solubility of the dye and improve its ability to penetrate the cells. However, these 

methods can also compromise the viability of the cells.185 In contrast, BODIPY 505/515 has a 

high oil / water partition coefficient that allows it to easily cross cell and organelle 

membranes181 (figure 4.1D). 

The fluorescence properties of BODIPY 505/515 also make it preferable for this application. It 

has a narrow emission spectrum that does not overlap with the emission spectrum of 

chlorophyll. The green fluorescence of BODIPY 505/515 is spectrally distinct from the red 

autofluorescence of the chloroplasts, minimizing the background fluorescence during 

fluorescence detection.186 This is not the case for Nile Red which has a wider emission 

spectrum (figure 4.1C). Nile Red staining is also affected by changes in the salinity of the 

growth medium, which can lead to fluorescence quenching.  BODIPY 505/515 fluorescence 
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has been shown to remain unaffected by most changes in its environment.181 Studies have 

also shown that BODIPY 505/515 is more photostable than Nile Red.184 

Additionally, since the goal is to collect and then cultivate the cells that have a higher lipid 

content, it is important that the cells can stay alive and able to grow after the staining and 

sorting procedures. Unfortunately, Nile Red has been shown to affect algal cell viability even 

when used at very small quantities.187,188 On the other hand, BODIPY 505/515 has been shown 

to be more biocompatible.187  

                                       

 

 

Figure 4.1: Chemical structures of A) Nile Red and B) BODIPY 505/515, C) emission spectra of 

BODIPY 505/515, Nile Red and chlorophyll excited by light of wavelength 488 nm, adapted 

from ref.57, D) brightfield and fluorescence images of Pt cells in F/2 medium after they were 

stained with a 1 mM BODIPY 505/515 solution in DMSO and incubated in the dark for 20 

minutes. 

More recently, alternative dyes have been developed to expand the library of neutral lipid-

specific dyes and to compensate for the shortcomings of commercially available dyes (figure 

4.2). Several of these new dyes show improved behaviour when it comes to parameters such 

as cell permeability, organelle specificity, photostability and cell toxicity,189 however they 

have not yet been used to study algal lipids.  
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C D 
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Figure 4.2: Chemical structures of novel green emitting lipophilic dyes, adapted from ref.189. 

4.1.2. Intracellular lipid staining in microdroplets 

Lipid staining of microalgae in microfluidic droplets is hard to achieve due to the lipophilic 

nature of the dyes used to stain the cells. The dyes have a high oil / water partition coefficient 

and consequently they easily diffuse out of the microdroplets and into the continuous oil 

phase.83 Additionally, PDMS, which is usually used to fabricate the microfluidic devices in 

research labs, is porous and hydrophobic.190 The hydrophobic dyes can be easily absorbed 

into the PDMS, resulting in a high fluorescence background. 

Kim et al. developed a droplet microfluidic platform for the analysis of the growth and the oil 

content of microalgae.83 This platform combined cell encapsulation and culture with the on-

chip staining of the cells with Nile Red and the imaging of the cell lipids. The microalgae were 

initially encapsulated in microdroplets and then incubated on-chip so that their growth could 

be monitored. The droplets were afterwards merged with droplets containing Nile Red 

solution in DMSO and they were incubated so that staining of the encapsulated cells could 

take place. However, due to the lipophilic nature of Nile Red, the dye diffused out of the 

droplets during their incubation, resulting in a high fluorescence background. To resolve this 
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issue, the droplets were transferred to fresh oil that did not contain Nile Red prior to their 

imaging. 

Kim et al. further expanded on their work by combining their platform with a droplet sorting 

module to isolate droplets with higher chlorophyll and BODIPY 505/515 fluorescence (figure 

4.3).191 In this case, BODIPY 505/515 in DMSO was used, instead of Nile Red, to stain the 

encapsulated cells and the droplets were not transferred to fresh oil before the fluorescence 

detection. The possibility of the leakage of BODIPY 505/515 to the oil or to the PDMS walls of 

the microfluidic device was not addressed. 

 

Figure 4.3: Schematic diagram of the platform used for the analysis of microalgal growth and 

lipid production, adapted from ref.191. 

Alternatively, the issue of the dye leakage from the cells can be bypassed by encapsulating 

the microalgae in hydrogel droplets. Once the droplets have gelled, they can be transferred 

to an aqueous solution and the oil surrounding the droplets can be removed. The hydrogel 

beads can then be incubated in a solution of the dye, which crosses into the beads and stains 

the encapsulated cells. The fluorescence of the beads can then be detected through flow 

cytometry.136,137 
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4.1.3. Objectives 

The work described in this chapter is directed towards the development of a droplet 

microfluidic platform for the screening of algal cells based on their lipid content. Pt cells 

encapsulated in microdroplets were stained by incubation in a solution of BODIPY 505/515 in 

FC-40. The diffusion of the dye to and from the droplets was studied. The BODIPY 505/515 

fluorescence of the stained droplets was detected with the laser sheet platform established 

in Chapter 3. The high fluorescence background during these measurements, caused by the 

BODIPY 505/515 dissolved in the surrounding oil, inhibited the measurement of the cellular 

fluorescence, so several methods were explored to reduce the background fluorescence. 

4.2. Experimental 

Droplet staining with BODIPY 505/515 

The staining protocol used was adapted from previous work by Dr Jie Pan.192 A 300 μM stock 

solution of BODIPY 505/515 in FC-40 (with 1% PicoSurf 1 as surfactant) was prepared. A 1 x 

106 sample of Pt cells was encapsulated using a 40 μm x 40 μm x 50 μm (length x width x 

height) flow-focusing device and FC-40 with 1% PicoSurf 1 as the continuous phase. 50 μL of 

the generated droplet emulsion were added to 50 μL of the BODIPY 505/515 solution and 

incubated in the dark for up to 2 days. The staining procedure was repeated for the different 

concentrations of BODIPY 505/515 tested. 

Fluorescence imaging 

The fluorescence images were obtained using an IX 71 inverted microscope (Olympus) 

equipped with an EMCCD iXonEM+ DU 897 camera (Andor Technology). An LED illumination 

system (CoolLED PE300) was used to illuminate the sample and the appropriate filters were 

used for the fluorophores that needed to be visualized. BODIPY 505/515 fluorescence was 

imaged using the ‘FITC’ fluorescence channel (excitation filter 488 (bandwidth: 40 nm), 

emission filter 535 (bandwidth: 50 nm)). A custom-made LabView program (National 

Instruments) was used to control the microscope stage, the camera and a shutter. The shutter 

ensured that the LED light only hit the sample during image acquisition to minimize 

photobleaching. 
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Sol-gel coating of microfluidic reservoir device 

The sol-gel coating procedure was adapted from Abate et al.193 and modified by Dr Shaohua 

Ma.192 The pre-converted sol mixture was prepared by mixing 1 mL tetraethoxysilane (TEOS, 

Fluka), 0.5 mL (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane (Sigma Aldrich), 1 mL 

methyltriethoxysilane (MTES, Sigma Aldrich), 2 mL trifluoroethanol (Fluka) and 1 mL DI water 

of pH 4.5 (adjusted by the addition of HCl). The mixture was heated under reflux for 10 

minutes, until it became homogeneous. The mixture was allowed to cool to room 

temperature and it was then loaded into a 1 mL syringe (HSW NORM-JECT®). 

The PDMS reservoir device (Appendix device C, height: 75 μm) was bonded onto a glass slide 

by oxygen plasma treatment. The sealed device was then immediately placed on a hotplate 

which was heated at 105°C. The prepared sol mixture was injected into the microfluidic device 

and the device was flushed with 10 ml of air within 20 seconds. A further 10 ml of air was 

blown into the device slowly over the next 2 minutes. The coated device was heated on the 

hotplate for a further 2 hours. 

Droplet staining on-chip 

The inlet of the glass coated reservoir device (Appendix device C) was connected by tubing 

to the outlet of a 40 μm x 40 μm x 50 μm flow-focusing droplet generation device (Appendix 

device A).  Droplets were generated in the flow-focusing device by injecting the Pt cell sample 

at a flow rate of 350 μL/hr (4.86 cm/s) and using as the continuous phase a 15 μΜ solution of 

BODIPY 505/515 in FC-40 with 1 % Picosurf 1 surfactant which was injected in the device at a 

flow rate of 600 μL/hr (8.35 cm/s). Once the reservoir device was filled by the droplets, the 

inlet and the outlet were sealed by pressing together the walls of the tubing with a hot pair 

of tweezers and the BODIPY 505/515 fluorescence of the collected droplets was monitored 

over time under a fluorescence microscope. 

BODIPY 505/515 fluorescence detection using the laser sheet set-up 

Droplets that were incubated in the BODIPY 505/515 solution were reinjected into the cyclic 

olefin copolymer microfluidic device, provided by Sphere Fluidics (figure 4.4). Spacing oil, 

either the BODIPY 505/515 solution in FC-40 or FC-40 alone, was injected from the second 

inlet of the device to space the droplets. A 491 nm laser was used to irradiate the droplets 
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and the resulting BODIPY 505/515 fluorescence was detected through a 525 nm filter 

(bandwidth: 39 nm) which was fitted before the PMT.  

  

Figure 4.4: A) The cyclic olefin copolymer flow-focusing microfluidic device used for droplet 

re-injection and BODIPY 505/515 fluorescence detection (flow-focusing junction dimensions: 

60 μm x 60 μm x 50 μm(length x width x height)) or 40 μm x40 μm x 30 μm (length x width x 

height), B) microscope image of the flow-focusing junction of the device (dimensions: 40 μm 

x40 μm x 30 μm (length x width x height)). 

Droplet washing 

Pt cells in F/2 medium (1.6 x 106 cells/mL) were encapsulated into 45 μm (48 pL) droplets and 

then 50 μL of the collected droplets were incubated in 50 μL of 150 μM BODIPY 505/515 

solution in the dark for two days. The droplets were re-injected in a reservoir device which 

contained arrays of microfluidic traps. The device was based on the design of Bai et al.194 The 

droplets were re-injected through one of the inlets at a flow rate of 100 μL/hr, while FC-40 oil 

with 1% Picosurf surfactant was injected from the second inlet at a flow rate of 300 μL/hr. 

Once the droplets were immobilised by the microfluidic traps in the device, the flow of 

droplets into the device was stopped by reducing the injection rate to 0 μL/hr and the flow of 

oil was reduced to 2 μL/hr. The fluorescence of the encapsulated cells was monitored under 

the fluorescence microscope. 

Dual fluorescence detection 

The fluorescence detection set-up was altered, as shown in figure 4.5, so that a second PMT 

could be used to record the fluorescence emitted by the cells at wavelengths above 630 nm. 

A B 
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Figure 4.5: Schematic diagram of the set-up used for dual fluorescence detection. The 635 nm 

dichroic filter splits the signal between the two PMTs. For chlorophyll fluorescence detection, 

light of wavelength above 635 nm is directed towards PMT A and for BODIPY 505/515 

fluorescence detection light of wavelength below 635 nm is directed towards PMT B.  

Fluorescence quenching 

A stock solution of 50 μΜ BHQ 1 amine (LGC Biosearch Technologies) in FC 40 was prepared. 

Different concentrations of the stock solution were mixed with a solution of BODIPY 505/515 

in FC-40 so that the final concentration of BODIPY 505/515 in each sample was 60 μΜ. The 

fluorescence of the samples was recorded using a plate reader (Fluostar Optima, BMG 

Labtech, USA) after excitation at 477 nm (bandwidth: 14 nm) using a 525 nm emission filter 

(bandwidth: 30 nm). 

4.3. Results and discussion 

4.3.1. Staining of encapsulated cells with BODIPY 505/515 

A cell staining protocol in microdroplets, first developed by Jie Pan,192 was used to stain 

encapsulated Pt cells. In accordance with this protocol, instead of staining the cells by adding 

BODIPY 505/515 in the growth medium and then encapsulating them, the cells were instead 

encapsulated and then incubated in a solution of BODIPY 505/515 in FC-40, so that they could 

be stained (figure 4.6). Despite the high oil/water partition coefficient of BODIPY 505/515, ta 
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significant amount of the dye diffused over time from the oil phase to the aqueous phase 

inside the droplets and eventually accumulated in the lipid bodies inside the cells under a 

dynamic equilibrium. This staining method was used to avoid the leakage of the fluorescent 

dye from the aqueous phase to the oil, which would otherwise take place. Jie Pan successfully 

used this method to stain encapsulated Chlorella vulgaris cells. The droplets containing the 

cells were incubated in a 20 μM solution of BODIPY 505/515 in FC-40 for 1 hour for successful 

cell staining.192 

 

Figure 4.6: A) Schematic diagram of the droplet staining process with BODIPY 505/515 and B) 

fluorescence image of the encapsulated Pt cells after their incubation in a 100 μM solution of 

BODIPY 505/515 in FC-40 oil. 

Pt cells were encapsulated in microdroplets using a 40 μm x 40 μm x 25 μm (length x width x 

height) flow-focusing device and FC-40 with 1% PicoSurf 1 surfactant as the continuous phase. 

A 300 μM stock solution of BODIPY 505/515 in FC-40 (with 1% PicoSurf 1 as surfactant) was 

prepared and dilutions of this stock solution were mixed with the collected droplets at a 1:1 

volume ratio to stain the encapsulated cells. Different concentrations of the BODIPY 505/515 

solution were tested to determine the ideal concentration for cell staining. The aim was to 

maximise the fluorescence intensity of the stained lipids, while at the same time keeping the 

background fluorescence low (figure 4.7).  

A B 
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Figure 4.7: Fluorescence imaging of droplets containing single Pt cells stained with different 

concentrations of the BODIPY 505/515 solution: (i) 300 μM, (ii) 150 μM, (iii) 90 μM, (iv) 60 μM 

and (v) 30 μM. The stained droplets were imaged after 48 hours of incubation in the dark. The 

droplets that contain cells are indicated by the red circles. The experiment was repeated three 

times. 

The incubation of the droplets in the BODIPY 505/515 solution resulted in successful staining 

of the intracellular lipids, but also exhibited a strong background fluorescence. The 

fluorescence images recorded were analysed using ImageJ imaging processing software, 

however due to the background fluorescence, as well as the fact that this method of 

fluorescence measurement was not quantitative enough, it was not possible to determine 

which BODIPY 505/515 solution concentration was most efficient for cell staining.  

4.3.2. Droplet staining on-chip 

For the staining of the encapsulated cells to take place, BODIPY 505/515 must diffuse from 

the oil phase surrounding the droplets to the cells inside the droplets. An estimate of the time 

needed for this diffusion process to take place was generated using Equation 4.1: 
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𝑡 =  
𝑥2

6 ∙ 𝐷
 

where t is the time needed for a single molecule to diffuse over a distance x and D is the 

molecular diffusion coefficient. For this equation to be applied, it was assumed that both the 

droplets and the cells inside are static, so that diffusion is the only way mixing can take place. 

The molecular diffusion coefficient of BODIPY 505/515 in aqueous solution has not been 

calculated before, so an approximate value of 4 x 10-6 cm2/s was used based on a similar 

molecular diffusion coefficient value for anthracene (4.2 x 10-6 cm2/s in water at 25°C).195 

Based on this value of the diffusion coefficient, the time needed for a single BODIPY 505/515 

molecule to diffuse from the perimeter to the centre of a 65 μm diameter droplet, was 

estimated to be 0.4 second. Once the BODIPY 505/515 molecule reaches the cell inside the 

droplet, however, it will have to cross the cell membrane to stain the intracellular lipids, which 

is a much slower process. At the same time, only a small amount of the dye will diffuse into 

the aqueous droplets to begin with, due to the high oil / water partition coefficient of BODIPY 

505/515. 

To quantitatively determine the rate at which the cells within the droplets were stained, the 

droplets were incubated on-chip to monitor the change in the cell fluorescence over time. In 

this case, using a PDMS microfluidic chip for the droplet collection and imaging was not 

possible, because BODIPY 505/515 is readily absorbed by the PDMS walls of the device, 

resulting in a high fluorescence background (figure 4.8). 

To reduce the permeability of PDMS to hydrophobic chemicals, the surface modification of 

PDMS microfluidic devices has been suggested. A variety of materials have been used to coat 

PDMS channels, such as transition metal oxides,196 glass193 and Teflon.197,198 

 

(Equation 4.1) 
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Figure 4.8: Brightfield and fluorescence imaging of 60 μm diameter droplets containing Pt 

cells in F/2 medium. The droplets were incubated in a 30 μM solution of BODIPY 505/515 in 

FC-40 in a PDMS reservoir device (Appendix device C). The images were recorded 5 minutes 

after the transfer of the droplets to the PDMS device. 

To prevent BODIPY 505/515 from leaking into the PDMS, the walls of a PDMS reservoir device 

were coated with a glass-like layer, using a sol-gel method adapted from Abate et al.193 and 

subsequently modified by Dr Shaohua Ma.192 According to this method, a precursor mixture 

consisting of (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane, tetraethoxysilane 

(TEOS) and methyltriethoxysilane (MTES) was used to coat the walls of the PDMS reservoir 

device (height: 75 μm) (Appendix device C). Both TEOS and MTES can swell PDMS, so to safely 

coat the microfluidic device the precursors were oligomerised prior to being injected in the 

device through an acid-catalysed hydrolysis and condensation reaction (figure 4.9A). 

The sol mixture was injected to the reservoir device after plasma treatment, so that the silane 

oligomers could react with the exposed siloxane groups on the PDMS surface. The device was 

placed on a heated hotplate to initiate the gelation process. At the end of the sol gel coating 

process the device was filled with a 30 μM BODIPY 505/515 solution in FC-40 and imaged 

under a fluorescence microscope (figure 4.9B). The images showed that the walls of the 

device were successfully coated, inhibiting the absorption of BODIPY 505/515 by the PDMS. 
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Figure 4.9: A) Oligomerisation of the silane precursors: (i) hydrolysis, (ii) water condensation, 

(iii) alcohol condensation, adapted from ref.192, B) brightfield and fluorescence images of the 

coated device after it was filled with a 30 μM BODIPY 505/515 solution in FC-40 (Appendix 

device C). 

 

 

B 

A (i) 

(ii) 
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The inlet of the glass coated reservoir device was connected by tubing to the outlet of a 40 

μm x 40 μm x 50 μm flow-focusing droplet generation device.  Droplets were generated in the 

flow-focusing device by injecting a Pt cell sample at a flow rate of 350 μL/hr (4.86 cm/s) and 

using as the continuous phase a 15 μΜ solution of BODIPY 505/515 in FC-40 with 1 % Picosurf 

1 surfactant which was injected in the device at a flow rate of 600 μL/hr (8.35 cm/s). Once the 

device was full, the inlet and the outlet were sealed by pressing together the walls of the 

tubing with a hot pair of tweezers and the fluorescence was monitored over time using a 

fluorescence microscope (figure 4.10). 

While the glass coating initially slowed down the leakage of the BODIPY 505/515 into the 

PDMS, a large increase in the background fluorescence was still observed over time. It is thus 

apparent that dye leakage could still occur through cracks in the coating. An accurate 

observation of the intracellular fluorescence was therefore not possible. Additionally, due to 

water evaporation, the droplet size decreased over time. As a result, after just one day in the 

reservoir, the droplets were much smaller in size and the cells were no longer viable. 
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Figure 4.10: Brightfield and fluorescence imaging of 65 μm diameter droplets (144 pL in 

volume), containing Pt cells, that were incubated in a 15 μΜ solution of BODIPY 505/515 in 

FC-40 (with 1 % Picosurf 1 surfactant) in the glass-coated reservoir device over A) 5 minutes, 

B) 3 hours and C) 24 hours. The experiment was conducted twice. 

4.3.3. BODIPY 505/515 fluorescence detection with the laser sheet set-up 

To quantitatively measure the BODIPY 505/515 fluorescence of the encapsulated cells, after 

their incubation in the dark, the droplets in the BODIPY 505/515 solution were reinjected in 

a microfluidic device made from cyclic olefin copolymer (COC), provided by Sphere Fluidics. 

This device was specifically used, instead of a PDMS device, because the cyclic olefin 

copolymer was resistant to BODIPY 505/515 adsorption. By using this device, the issue of the 

BODIPY 505/515 accumulation in the microfluidic channels over time was eliminated, 

reducing therefore the background fluorescence. The device had two inlets and a flow-

focusing geometry. One of the device inlets was used for droplet re-injection and the other 

A 

B 

C 
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one was used to inject spacing oil, as shown in figure 4.11A. The dimensions of the flow-

focusing junction were 60 μm x 60 μm x 50 μm (length x width x height). BODIPY 505/515 

solution in FC 40, which was used for the incubation step, was also used to space the droplets 

during the re-injection. The fluorescence was then detected with the laser sheet set-up. 

Unfortunately, the BODIPY 505/515 dissolved in the incubation oil emitted strong background 

fluorescence when the laser sheet setup was used to detect the BODIPY 505/515 fluorescence 

(figure 4.11B). The recorded fluorescence intensity trace therefore consisted of a high 

baseline signal with drops in the fluorescence observed every time droplets flowed past the 

laser sheet. The background fluorescence from the surrounding oil obscured any fluorescence 

emitted by the encapsulated cells. 

       
Figure 4.11: A) Diagram showing the reinjection of 65 μm diameter droplets containing Pt 

cells, that were incubated in BODIPY 505/515 solution, into the plastic encapsulation device 

using a 150 μM solution of BODIPY 505/515 in FC-40 to space out the droplets (microfluidic 

channel width: 140 μm at the fluorescence detection region), B) the BODIPY 505/515 

fluorescence signal detected when the stained microdroplets were reinjected into the plastic 

microfluidic device. 

To determine the BODIPY 505/515 concentration that results in the optimum background 

fluorescence, Alignflow™ fluorescent beads were encapsulated in microdroplets and 

incubated in the BODIPY 505/515 solution (figure 4.12C). These fluorescent beads emit strong 

and defined fluorescence, and they were used to bypass the issue of the variability of the 

fluorescence emitted by each algal cell. It was thereby possible to focus on the background 

A B 
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fluorescence and how it changes when the concentration of BODIPY 505/515 in the oil, as 

well as the size of the droplets, are varied. 

                                   

                   
Figure 4.12: A) Diagram showing the reinjection of 65 μm diameter droplets, containing Pt 

cells, that were incubated in BODIPY 505/515 solution, into the plastic encapsulation device 

using FC-40 to space out the droplets (channel width 140 μm at the fluorescence detection 

region), B) fluorescence image of the re-injection of aqueous droplets incubated in 150 μM 

BODIPY 505/515 solution in FC-40 to the plastic device using FC-40 as spacing oil (flow rates: 

1 μL/hr droplets, 5 μL/hr FC-40), C) fluorescence image of Alignflow beads encapsulated in 

aqueous droplets in FC-40 oil containing 30 μM BODIPY 505/515, D) fluorescence trace 

corresponding to Alignflow beads encapsulated in 65 μm diameter microdroplets, incubated 

in a 30 μM BODIPY 505/515 solution and then reinjected in a plastic microfluidic device using 

FC-40 as spacing oil (flow rates: 15 μL/hr droplets (0.59 mm/s at the fluorescence detection 

point), 150 μL/hr FC-40 (5.94 mm/s)). 

The use of FC-40 oil containing BODIPY 505/515 to space the droplets was a major source of 

background fluorescence, because the laser sheet set-up records the fluorescence emitted 

along the entire width of the microfluidic channel. To reduce the background fluorescence, 

FC-40 oil without any BODIPY 505/515 was used to space the droplets during the reinjection 
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C D 



CHAPTER 4 Intracellular lipid staining by BODIPY 505/515 and fluorescence detection 

96 
 

procedure (figure 4.12A-B). This resulted in a significant reduction in the background 

fluorescence. It was determined that, when the beads were encapsulated in 65 μm diameter 

(144 pL) droplets, incubated in a 30 μM BODIPY 505/515 solution and then reinjected in a 

plastic microfluidic device using FC-40 as the spacing oil, the background fluorescence was 

considerably lower than that obtained in the previous attempts and as a result it was possible 

to distinguish between droplets that contained beads and empty droplets (figure 4.12D). 

The same set of conditions that resulted in successful bead fluorescence detection, was then 

used to stain encapsulated Pt cells and reinject the microdroplets for fluorescence detection. 

Peaks corresponding to both empty droplets and droplets with cells inside can be seen in the 

fluorescence intensity trace recorded over time (figure 4.13A). The peaks that correspond to 

empty droplets had a peak intensity of approximately 0.9 a.u. (background fluorescence) 

(figure 4.13B). The shape of these peaks was distorted due to the distribution of BODIPY 

505/515 dye in the oil surrounding the droplets. As seen in figure 4.12B, there was a higher 

concentration of BODIPY 505/515 at the edges of the droplets resulting in higher fluorescence 

when those edges passed through the laser sheet. In contrast, the oil surrounding the main 

body of the droplets contained less BODIPY 505/515, resulting in lower fluorescence. Peaks 

of higher intensity were also observed, which corresponded to droplets containing cells with 

high lipid content.  

While the fluorescence emitted by Pt cells with high lipid content could be successfully 

detected, the detection of the cells with lower lipid content was difficult, due to the high 

background fluorescence concealing the weaker fluorescence signals (figure 4.13A). The 

droplets flowed past the laser sheet at a flow rate of 1560 droplets/min. As just 12% of the 

droplets contained cells, 187 fluorescence signals corresponding to cells should have been 

observed over 1 minute. However, only 44 distinct peaks per minute were observed, 24% of 

the expected number of peaks. The staining conditions therefore need further optimisation 

to achieve a better signal-to-background fluorescence ratio.    
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Figure 4.13: Fluorescence signal recorded by the laser sheet setup over A) 50 seconds and B)  

0.3 seconds, corresponding to Pt cells encapsulated in 65 μm diameter microdroplets, 

incubated in a 30 μM BODIPY 505/515 solution overnight and then reinjected in a plastic 

microfluidic device using FC-40 as spacing oil. 

4.3.4. Droplet washing 

To ensure that the use of spacing oil that does not contain BODIPY 505/515 during re-injection 

will not affect the fluorescence of the encapsulated cells, an experiment was performed to 

determine the time needed for the dye to leak out of the encapsulated Pt cells when the 

surrounding oil is replaced by oil without any BODIPY 505/515. To monitor the fluorescence 

of the encapsulated cells over time, a microfluidic reservoir device containing arrays of traps 

(figure 4.14A) was used to immobilise the droplets. The design of the device was initially used 

by Bai et al.194 

Pt cells were encapsulated into droplets and then incubated in a 150 μM BODIPY 505/515 

solution in the dark for 48 hours. The droplets were re-injected in the device through one of 

its inlets at a flow rate of 100 μL/hr, while FC-40 oil with 1% Picosurf surfactant was injected 

from the second inlet at a flow rate of 300 μL/hr. Once the droplets were immobilised by the 

microfluidic traps in the device (figure 4.14B), the flow of droplets into the device was 

stopped and the flow of oil was reduced to 2 μL/hr to prevent the shearing of the droplets 

which was observed at higher oil flow rates. The fluorescence of the encapsulated cells was 

monitored under a fluorescence microscope (figure 4.14C) and the fluorescence images 

recorded were analysed using ImageJ (figure 4.14D). The values of fluorescence intensity 

recorded through this method were impacted by the fact that the cells were not static within 
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the droplets and they would change positions over time. Despite this source of error, these 

measurements showed that there was a significant decrease in the cell fluorescence intensity 

within the span of a few minutes. Furthermore, the time needed for the fluorescent dye to 

leak out of the cells varied from cell to cell.  
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Figure 4.14: A) Microscope image of the microfluidic traps used to immobilise the droplets, 

B) diagram showing the capture of a droplet containing a Pt cell by the microfluidic trap, C) 

fluorescence images showing the change in the fluorescence of an encapsulated cell stained 

with BODIPY 505/515 over time when it is washed with fresh FC-40, D) the fluorescence 

intensity of the encapsulated cell over time calculated through analysis of the fluorescence 

images using ImageJ. The experiment was performed twice. 
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4.3.5. Testing of different droplet staining conditions 

The incubation time of the droplets in the dye solution was optimised to maximise the cell 

fluorescence. Pt cells were encapsulated into microdroplets (diameter: 65 μm) and then 

incubated in a 30 μM BODIPY 505/515 solution for different times, ranging from 1 hour to 48 

hours. The fluorescence of each sample of the encapsulated cells was detected using the laser 

sheet set-up (figure 4.15).  
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Figure 4.15: BODIPY 505/515 fluorescence signal recorded by laser sheet for cells 

encapsulated in 65 μm diameter droplets and incubated in a 30 μM BODIPY 505/515 solution 

for: A) 1 hour, B) 4 hours and C) 24 hours; D) plot of the fractions of the number of detected 

BODIPY 505/515 fluorescence peaks over the number of expected peaks for each droplet 

incubation time tested. The experiment was conducted twice. 

As 11% of the droplets in the samples contained cells and the droplets were screened at a 

flow rate of 1920 droplets/min, the number of occupied droplets which result in distinct 

fluorescence peaks in the fluorescence trace were expected to be approximately 211 per 

minute. After 1 hour of incubation, the cells were not yet stained by BODIPY 505/515, as no 

fluorescence peaks could be detected in the fluorescence trace recorded by the laser sheet. 
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When the incubation time was increased to 4 hours, fluorescence peaks corresponding to 

cells could be detected. On average, 17 peaks per minute could be seen in the fluorescence 

trace, a number corresponding to only 8% of the expected number of peaks. After a 24-hour 

incubation, 44 peaks were recorded on average over one minute, 21% of the expected 

number of peaks. Longer incubation times did not result in an increase in the fraction of 

recorded fluorescence peaks.  The fluorescence trace of the sample of droplets which were 

incubated in the BODIPY 505/515 solution for 48 hours displayed on average 43 fluorescence 

peaks per minute. Based on the fraction of recorded peaks over the number of expected 

peaks, the optimum incubation time was determined to be 24 hours. 

The laser sheet system was also used to assess the effect of the BODIPY 505/515 solution 

concentration on the staining of the encapsulated cells. Pt cells were encapsulated into 

microdroplets (diameter: 65 μm) and then incubated in BODIPY 505/515 solutions of 

concentrations ranging from 3 to 50 μM for 24 hours. The fluorescence of each sample was 

detected using the laser sheet set-up (figure 4.16), however the fraction of droplets that 

resulted in detectable peaks was low for all BODIPY 505/515 concentrations tested. The 

maximum fraction was observed for the droplets incubated in the 30 μM solution, where 

approximately 25% of the expected number of BODIPY 505/515 fluorescence peaks was 

distinct from the background fluorescence. The average amplitude (peak height – baseline) 

of the detected fluorescence peaks increased with the increase in BODIPY 505/515 

concentration for the lower concentrations that were tested (3 and 10 μM), but at higher 

BODIPY 505/515 concentrations (20 – 50 μM) the average peak amplitude no longer increased 

(figure 4.16E). Occasional changes in the flow of droplets in the microfluidic channel resulted 

in fluctuations in the baseline fluorescence recorded, as seen in figure 4.16D. 
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Figure 4.16: BODIPY 505/515 fluorescence signal recorded by laser sheet for cells 

encapsulated in 65 μm diameter droplets and incubated for 24 hours in BODIPY 505/515 

solution of concentration A) 3 μM, B) 20 μM, C) 30 μM and D) 50 μM, E) average amplitude 

of the peaks in the BODIPY 505/515 fluorescence signals for different concentrations of 

BODIPY 505/515 in the incubation oil. Each point corresponds to the average of 50 peaks, 

which correspond to cells. The experiment was repeated three times. 
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4.3.6. Dual fluorescence detection 

In order to eliminate any artifacts and determine the exact fraction of cells that result in a 

detectable peak in the BODIPY 505/515 fluorescence trace, chlorophyll fluorescence 

detection was used in conjunction with BODIPY 505/515 fluorescence detection, to determine 

which droplets contain cells. This was done by altering the fluorescence detection set-up so 

that a second photomultiplier tube (PMT) could be used to record the fluorescence emitted 

by the cells at wavelengths above 630 nm. The chlorophyll fluorescence trace obtained by the 

second PMT was used to identify the droplets which contained Pt cells. The chlorophyll 

fluorescence signal was then compared to the recorded BODIPY 505/515 fluorescence to 

determine the fraction of cells that emitted detectable BODIPY 505/515 fluorescence (figure 

4.17). The percentage of BODIPY 505/515 fluorescence peaks relative to chlorophyll 

fluorescence peaks was found to be approximately 30%. This was because the BODIPY 

505/515 fluorescence emitted by most cells was still weaker than the background 

fluorescence. This could be due to these cells having low lipid content or due to the cells not 

being fully stained by BODIPY 505/515 even after extended incubation in the BODIPY 505/515 

solution. 

 

Figure 4.17: Fluorescence trace overlay showing the BODIPY 505/515 (black) fluorescence and 

the corresponding chlorophyll fluorescence (red) recorded by laser sheet over A) 2 minutes 

and B) 1.5 seconds, for cells encapsulated in 65 μm diameter droplets that were incubated in 

a 30μM BODIPY 505/515 solution for 24 hours. The BODIPY 505/515 fluorescence was 

recorded using a 525 nm (bandwidth: 39 nm) emission filter, while chlorophyll fluorescence 

was recorded using a 635 nm long pass filter. The experiment was performed twice. 
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To test whether the fluorescence signals emitted by the cells could be increased, dual 

fluorescence detection was applied to droplets incubated in a higher concentration of BODIPY 

505/515 (60 μM) (figure 4.18A) and the fraction of cells that resulted in a detectable BODIPY 

505/515 peak was calculated and compared to the fraction obtained at lower concentrations 

of BODIPY 505/515 (20 μM and 30 μM). However, for the droplets incubated in the 60 μM 

BODIPY 505/515 solution the fraction of cells that resulted in detectable BODIPY 505/515 

fluorescence peaks was only 33%, a result similar to that of the droplets incubated in a 30 μM 

BODIPY 505/515 solution (figure 4.18B). 
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Figure 4.18: A) Fluorescence trace overlay showing the BODIPY 505/515 (black) fluorescence, 

and the corresponding chlorophyll fluorescence (red), recorded by the laser sheet set-up for 

cells encapsulated in 65 μm diameter droplets that were incubated in a 60μM BODIPY 

505/515 solution for 24 hours, B) plot of the percentages of chlorophyll fluorescence peaks 

that had a distinct corresponding BODIPY 505/515 fluorescence peak at different 

concentrations of BODIPY 505/515 in the incubation oil. Each point corresponds to the 

average of two measurements. 

An alternative cell staining method was then tested in an effort to improve the cell staining 

efficiency. Pt cells were stained using a solution of BODIPY 505/515 in DMSO prior to their 

encapsulation into droplets. The staining conditions used were those suggested as optimal 

for the staining of Pt cells by Wu et al. (0.075 μg/mL).200 The cells were then encapsulated in 

65 μm droplets which were transferred to the 30 μM BODIPY 505/515 solution usually used 

for incubation. The fluorescence of the droplets was finally detected using the laser sheet set-

up (figure 4.19). While some peaks corresponding to stained cells could be detected, the 

A B 
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peaks were weak and close in magnitude to the background fluorescence. Only 40% of the 

droplets containing cells resulted in a detectable BODIPY 505/515 fluorescence peak higher 

than the background fluorescence. It is likely that some of the fluorescence of the stained 

cells was lost during their encapsulation into droplets due to the BODIPY 505/515 leaking out 

of the droplets and into the oil phase. This also likely contributed to a higher background 

fluorescence. These results showed that staining the cells before encapsulating them into the 

droplets was not a viable method to improve the cell staining efficiency. 

 

Figure 4.19: Fluorescence trace overlay showing the BODIPY 505/515 (black) fluorescence and 

the corresponding chlorophyll fluorescence (red) recorded by the laser sheet set-up for cells 

stained with BODIPY 505/515 in DMSO before being encapsulated in 65 μm diameter droplets 

and then incubated in 30 μM BODIPY 505/515 solution in FC-40 for one hour. The BODIPY 

505/515 fluorescence was recorded using a 525 nm (bandwidth: 39 nm) emission filter, while 

chlorophyll fluorescence was recorded using a 635 nm long pass filter. The experiment was 

conducted twice. 

4.3.7. BODIPY 505/515 fluorescence detection in narrow channel 

To further reduce the BODIPY 505/515 fluorescence background, a microfluidic device with a 

narrower channel was used for the droplet re-injection. When the droplets flow through a 

narrow channel which has a smaller cross-section than the droplet diameter, there is less oil 

between the droplets and the channel wall. This could help to further reduce the background 

fluorescence. The device used for the droplet re-injection was a cyclic olefin copolymer 
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microfluidic device, similar to that used in previous experiments (see section 4.4), however 

the dimensions of the flow-focusing region of the device were 40 μm x 40 μm x 30 μm (length 

x width x height) (figure 4.20B). This device was also provided by Sphere Fluidics. 

Pt cells were encapsulated in 65 μm diameter droplets and they were incubated overnight in 

a 30 μM solution of BODIPY 505/515 in FC-40. The stained droplets were subsequently 

injected in the device for fluorescence detection using the laser-sheet set-up, as shown in 

figure 4.20A. Lower flow rates were used for the re-injection process to prevent droplet 

splitting from taking place at the flow-focusing junction. FC-40 oil was used to space out the 

droplets. 

  

Figure 4.20: A) Schematic diagram showing the reinjection of droplets into the plastic 

encapsulation device, B) microscope image of the microfluidic device during droplet re-

injection and fluorescence detection (droplet diameter: 65 μm, microfluidic channel 

dimensions at the flow focusing region: 40 μm x40 μm x 30 μm (length x width x height), 

droplet flow rate: 8 μL/hr (approximately 1.85 mm/s at the detection point), spacing oil flow 

rate: 25 μL/hr(5.79 mm/s)). 

The background BODIPY 505/515 fluorescence was similar in magnitude to the intracellular 

fluorescence, however due to the lower flow rate used during the re-injection procedure, it 

was possible to distinguish the peaks corresponding to cells from the background droplet 

fluorescence since they were higher in magnitude than the background (figure 4.21). For 

droplet screening and sorting to be feasible, the background fluorescence should be reduced 

further. 

Laser 

A B 
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Figure 4.21: Overlay of the BODIPY 505/515 and the chlorophyll fluorescence traces of 65 μm 

diameter droplets, containing Pt cells, as they flowed through the flow focusing region of the 

plastic device with dimensions 40 μm x 40 μm x 30 μm (length x width x height) (droplet flow 

rate: 8 μL/hr (1.85 mm/s), FC-40 flow rate: 25 μL/hr (5.79 mm/s)). Prior to the fluorescence 

detection, the droplets were incubated overnight in a 30 μM solution of BODIPY 505/515. The 

traces were recorded over A) 80 seconds and B) 0.3 seconds. The BODIPY 505/515 

fluorescence was filtered with a 525 nm (bandwidth: 39 nm) emission filter, while chlorophyll 

fluorescence was recorded using a 635 nm long pass filter. The experiment was conducted 

three times. 

4.3.8. Fluorescence quenching 

To test whether the background fluorescence can be reduced any further, the possibility of 

adding a fluorescence quencher in the oil phase was examined. Fluorescence quenchers are 

molecules that absorb excitation energy from a fluorophore and re-emit most of this energy 

as light of a different wavelength, whereas dark quenchers disperse the energy non-

radiatively as heat. As a result, the intensity of the fluorescence emitted by the fluorophore 

is reduced. To achieve efficient fluorescence quenching, there must be significant spectral 

overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor. Additionally, the donor and the acceptor must be in close contact to each other.  
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The kinetics of the quenching process follows the Stern-Volmer relationship (Equation 4.2):150        

𝐼0

𝐼
= 1 +  𝑘𝑞𝜏0[𝑄] 

where 𝐼0 is the fluorescence intensity without the addition of the quencher, 𝐼 is the 

fluorescence intensity after the addition of the quencher, 𝑘𝑞 is the quencher rate coefficient, 

𝜏0 is the lifetime of the emissive excited state without any quencher present and [𝑄] is the 

concentration of the quencher. 

Several dark quenchers can be used to quench fluorescence in the 500 – 550 nm range (table 

4.1). A dark quencher was preferred over a fluorescent quencher for the quenching of BODIPY 

505/515 fluorescence in our system, since any fluorescence emitted by the quencher would 

interfere with other useful fluorescence readings, such as the detection of the chlorophyll 

fluorescence.  

Table 4.1: Dark quenchers that absorb in the green fluorescence range (500 – 550 nm) 

Quencher Absorption maximum / nm Quenching range / nm 

BHQ 1 (Black hole quencher 1) 534 480 – 580 

Dabcyl 453 400 – 550 

Eclipse 522 390 – 625 

TQ2 (Tide quencher 2) 531 440 – 580 

Iowa Black FQ 531 420 – 620 

QSY 7 560 500 – 600 

 

Black hole quencher 1 (BHQ1, figure 4.22A) was selected as the quencher due to its 

favourable spectral properties. With an absorption maximum at 534 nm, BHQ1 can efficiently 

quench fluorescence in the 480 – 580 nm range. As shown in figure 4.22B, the absorption 

spectrum of BHQ1 and the emission spectrum of BODIPY 505/515 in FC-40 were recorded and 

there was a significant overlap between the two spectra. 

(Equation 4.2) 
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Figure 4.22: A) The structure of BHQ 1 amine, B) normalised plot showing the overlap 

between the absorption spectrum of BHQ 1 solution in FC 40 and the emission spectrum of 

BODIPY 505/515 in FC 40 in the 500 nm to 600 nm region. 

A stock solution of 50 μΜ BHQ 1 in FC-40 was prepared. Unfortunately, a more concentrated 

stock solution could not be obtained due to the low solubility of BHQ 1 in the fluorinated FC-

40 oil. Subsequently, a solution of BODIPY 505/515 in FC-40 with 1 % Picosurf 1 surfactant 

was combined with different concentrations of the BHQ 1 stock solution to observe the effect 

of the quencher concentration on the fluorescence emitted (figure 4.23). The final 

concentration of BODIPY 505/515 in each sample was 60 μΜ. At the highest concentration of 

quencher that could be used (40 μM), the I0/I ratio was just 1.90. This test showed that, due 

to the low solubility of the quencher in FC 40, the maximum quenching efficiency (calculated 

as 
𝐼0−𝐼

𝐼0
 × 100) that could be achieved was 47% in the presence of 40 μM BHQ 1. 

 

Figure 4.23: Stern-Volmer plot of the change in fluorescence as a function of the 

concentration of BHQ 1 in a 60 μM solution of BODIPY 505/515. Fluorescence measurements 

were performed in triplicate. 

A 

B 
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The stock BHQ1 solution in FC-40 was used to space the droplets during their re-injection, to 

test whether the quencher solution can reduce the fluorescence background during the 

droplet fluorescence detection. Unfortunately, the baseline fluorescence signal was not 

stable during the re-injection and, on average, the background fluorescence remained high 

despite the addition of the quencher. This indicates that the quenching achieved by the 

addition of BHQ 1 was too weak. Better quenching could be potentially achieved by 

identifying a dark quencher which is more soluble in FC-40 than BHQ 1. Such a quencher was 

not identified during the course of the project, however further investigations could reveal 

an appropriate quencher given sufficient time. 

4.4. Conclusions 

The experiments conducted in this chapter aimed towards the development of a droplet 

microfluidic platform for the screening of algal cells based on their lipid content. Such a 

platform would be very useful in the effort to screen mutagenized cell populations to identify 

cell variants that express more lipids. While flow cytometry and FACS have been used in the 

past to screen algal cell populations based on their lipid content, the use of droplet 

microfluidics would offer additional advantages. As the cells are encapsulated into droplets, 

the lipid content of the cells can be monitored in real time while the cellular environment is 

precisely controlled. In this fashion, cells could be identified that produce a given amount of 

lipids more quickly or that display enhanced lipid production under a given stimulus. 

In this chapter, a novel method was used to stain Pt cells encapsulated in microdroplets with 

BODIPY 505/515. The cells were initially encapsulated in microdroplets which were then 

transferred in a solution of BODIPY 505/515 in FC-40 so that they could be stained. The 

diffusion of the dye to and from the droplets was studied by fluorescence imaging. 

Furthermore, the BODIPY 505/515 fluorescence of the stained droplets was detected with the 

laser sheet platform established in Chapter 3. The quantitative measurement of the cell 

fluorescence was not possible due to the high fluorescence background caused by dye 

dissolved in the oil surrounding the droplets. Several experimental parameters, such as the 

BODIPY 505/515 concentration, the incubation time, the spacing oil used during the re-

injection procedure, and the microfluidic channel width, were modified in an effort to reduce 
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the background fluorescence. The optimal conditions identified after this effort were the 

incubation of the droplets in 30 μM BODIPY 505/515 solution in FC-40 for 24 hours, then 

reinjection of the droplets for fluorescence detection using FC-40 as spacing oil. Re-injecting 

the droplets through a microfluidic channel that was narrower than the droplet diameter was 

shown to result in better fluorescence detection. 

Besides resulting in a high fluorescence background, the method used to stain the algal cells 

with BODIPY 505/515 in this chapter was also inefficient when compared to standard 

methods used to stain cells in bulk solution. Whereas a solution of BODIPY 505/515 in DMSO 

or a similar organic solvent can be used to successfully stain cells in bulk within less than 10 

minutes,186 the cells in the droplets were stained over multiple hours, as the diffusion of the 

dye into the droplets was very slow. On the other hand, staining the cells before their 

encapsulation into droplets is not effective, as the dye leaks out of the cells and into the oil 

phase surrounding the droplets. 
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CHAPTER 5 

Algal cell staining using micelle / hydrogel composite beads 

5.1. Introduction 

The delivery of lipophilic compounds to cells is often hindered by the low solubility of the 

compounds in aqueous environments. This is a limitation that is readily apparent in cell 

staining, when lipophilic dyes are used to study cells. It was particularly evident in the 

experiments conducted in Chapter 4, which were negatively impacted by the inefficient 

staining of the encapsulated cells with the lipophilic dye, as well as by the leakage of the dye 

into the oil surrounding the droplets. These issues highlighted the necessity of using a more 

efficient method to stain the encapsulated cells, as well as ensuring that the cells will remain 

stained by the dye for longer. The use of beads loaded with dye was thereby proposed. These 

beads would be co-encapsulated with the cells in the droplets and would serve as localized 

deposits of the dye. The dye would be slowly and sustainably released from the beads over 

time, staining the cells and counteracting any loss of dye which takes place due to leakage 

onto the oil phase. 

As seen in Chapter 4, BODIPY 505/515 is a lipophilic dye that is widely used to stain 

intracellular lipids; however, its hydrophobic nature means that it is only slightly soluble in 

aqueous solutions. To improve the solubility of lipophilic dyes in bulk solution and their 

delivery to cells, organic solvents are usually used, such as ethanol,201,202 acetone202 and 

DMSO.186,201 However, these solvents often compromise the viability of the cells.201 Several 

studies have been conducted to determine the optimal conditions for the staining of different 

cell strains with BODIPY 505/515.185,186,200,203,204 These conditions should result in maximum 

cell fluorescence, while at the same time ensuring that the viability of the cells is not affected. 

However, these staining conditions vary greatly in the literature, depending on the type of 

cells being stained, the dye and the solvent used. 

As the use of organic solvents to improve the solubility of lipophilic dyes has negative effects 

on the cells, aqueous systems containing appropriate aggregates that work as dye delivery 

vehicles to the cells have been explored as more biocompatible alternatives.205 A variety of 

hydrophobic compound delivery systems have been developed, such as polymer-drug 
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conjugates,206 liposomes,207 nanoparticles,208 microgels209 and polymeric micelles.210 Such 

systems are frequently used in drug delivery applications due to the hydrophobic nature of 

many drugs.  

5.1.1. Hydrogels 

Hydrogels are crosslinked polymer networks that swell when in the presence of water due to 

their hydrophilic nature. Hydrogel materials are highly useful in biotechnological applications 

due to their biocompatibility, their swelling behaviour in aqueous environments, their high 

porosity and their highly tuneable nature.211 Due to these characteristics, they have been 

used extensively as drug carriers, biosensors, tissue engineering scaffolds etc.212-214 The 

properties of hydrogel materials can be modified by changing some parameters of the 

constituent polymers, such as the molecular weight, the polarity, the charge and the amount 

of crosslinking.215,216  

Hydrogels are particularly useful as delivery vehicles, as compounds of interest can be easily 

incorporated in their matrix. There are three major strategies which are used to load cargo 

into hydrogels. The first strategy is encapsulation, where the cargo is physically trapped within 

the cross-linked polymer matrix. The second strategy is tethering, in which a covalent 

interaction binds the cargo to the hydrogel and the last strategy is affinity binding, where the 

cargo is incorporated in the matrix due to electrostatic, hydrophobic or peptide 

interactions.217 The hydrogel then provides spatial and temporal control over the release of 

the cargo.218 

Natural polymers, such as hyaluronic acid,219 dextran220 and carboxymethyl cellulose 

(CMC),221 are often used to fabricate hydrogels due to their inherent biocompatibility. 

However, a range of biocompatible synthetic polymers, such as poly(ethylene glycol) (PEG)222 

and poly(vinyl alcohol) (PVA),223 are also frequently used as they can be easily modified, their 

mechanical properties can be tuned and they offer limited batch-to-batch variation.217   

5.1.1.1. Droplet microfluidics for the generation of biomaterials 

Droplet microfluidics is frequently used in materials generation and microfabrication because 

it provides a high degree of control when working in micro dimensions. Traditional methods 

used to prepare particulate materials, such as mechanical agitation, precipitation, seeding 
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polymerisation, emulsion polymerisation etc., often suffer from a lack of control over the 

particle size and morphology, resulting in a heterogeneity in the particles generated which is 

undesirable in many applications.224 In microfluidics the size and the composition of the 

materials can be tuned by precisely controlling parameters such as the dimensions of the 

microfluidic device, the flow rates of the continuous and the dispersed phase, the viscosity 

and the interfacial tension.224,225 As a result, using microfluidics, a variety of materials can be 

generated, ranging from microparticles of various shapes, to microfibers and to complex 

three-dimensional constructs (figure 5.1). 

 

Figure 5.1 : Biomaterials engineered from microfluidics, ranging from particulate biomaterials 

to three-dimensional constructs, adapted from ref.224. 

Hydrogel micromaterials can be easily fabricated using microfluidic technology. The polymer 

precursors used to form the hydrogel are injected into the appropriate microfluidic device 

while they are still liquid. Crosslinking of the hydrogel precursors takes place after they have 

been mixed and they have been given the desired shape by the microfluidic device. Various 

crosslinking mechanisms have been used to form the hydrogel network, such as Michael-type 

addition reactions, photo-crosslinking, thermal crosslinking, or enzymatic crosslinking.226  
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5.1.2. Polymeric micelles for hydrophobic compound delivery 

Hydrogels are widely used for the delivery of hydrophilic compounds, which can be easily 

loaded onto the hydrogels due to the hydrophilic nature of the polymer matrix. This 

hydrophilic nature, however, results in limitations to the quantity of hydrophobic compounds 

that can be loaded onto the hydrogels. To increase the ability of the hydrogels to uptake and 

deliver hydrophobic compounds, it is necessary to modify the hydrogels so that they are more 

hydrophobic in nature. Two main approaches have been used for this purpose. The first 

approach is the introduction of hydrophobic domains in the hydrogel structure, either by 

crosslinking the hydrophilic polymer chains with hydrophobic ones or by incorporating 

molecules that form inclusion complexes within the hydrogel matrix. The second approach 

involves the introduction of nanoparticles or micelles to the hydrogel matrix.227 

Polymeric micelles, which are formed through the self-assembly of amphiphilic block co-

polymers in aqueous solution, can be efficiently used as delivery systems. The polymers which 

can be used to form micelles are di- or tri-block co-polymers which consist of hydrophobic 

and hydrophilic parts.210 Once the concentration of these polymers in aqueous solution 

exceeds a certain concentration, known as the critical micelle concentration, these polymers 

self-assemble so that they form a hydrophobic core with a hydrophilic shell (corona) 

surrounding it228 (figure 5.2). In this fashion, the hydrophilic polymer chains prevent the 

hydrophobic chains from interacting with the water. The micelles have the ability to capture 

hydrophobic compounds in their hydrophobic core and to stabilise them in the aqueous 

environment.229  

 

 

 

 

 

Figure 5.2: Schematic illustration of amphiphilic polymer self-assembly in aqueous solution to 

form micelles, adapted from ref.210. 
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Polymeric micelles offer multiple advantages that make them a popular choice as delivery 

vehicles. They have lower critical micelle concentrations and are generally more stable than 

micelles formed by small molecule surfactants,230 leading to increased delivery efficiency and 

specificity.231 Furthermore, their small size (10-200 nm) and narrow size distribution make 

them ideal for drug delivery applications where their ability to penetrate into tissues improves 

the performance of the drugs in vivo.231 More recently, research focus has shifted to the 

development of stimuli-responsive micelles, which release their cargo once exposed to 

specific environmental stimuli, such as pH or temperature variation.232,233 This approach 

increases the specificity of drug release, as only afflicted areas are targeted by the drug and 

any related side-effects are reduced.233  

Hydrophobic dyes, such as Nile Red, rhodamine or pyrene, are frequently incorporated into 

micelles, as a tool to investigate micelle behaviour and to assess their potential as drug 

delivery vehicles.234 The dyes can be used to detect changes in the environmental polarity 

and, as a result, reveal information about the CMC of the micelles234,235 and about specific 

interactions within the micelle microenvironment.236 The micelles have also been used to 

effectively deliver hydrophobic dyes to cells, however their presence in the aqueous cell 

medium can result in a high fluorescence background.205 To eliminate this issue, a method is 

required to ensure the efficient removal of excess micelles from the solution after the cell 

staining. 

Herein, the formation of micelle/hydrogel composite beads loaded with BODIPY 505/515 is 

proposed, for the controlled delivery of the dye to cells in aqueous solution without the use 

of organic solvent (figure 5.3). By combining micelles with hydrogel technology, the 

advantages of both systems can be exploited. The incorporation of the micelles in the 

hydrogel matrix results in the formation of hydrophobic domains in the hydrophilic hydrogel, 

thus enhancing the loading capacity of the hydrogel and enabling the uptake of the 

hydrophobic dye.227,237 On the other hand, the hydrogel scaffold can prevent the micelles 

from escaping into the solution during cell staining, thereby reducing the background 

fluorescence. Instead, the BODIPY 505/515 is released from the micelles into the solution 

surrounding the beads and then into the cells, where it accumulates in the intracellular lipid 

bodies. After the completion of the staining process, the beads can be removed easily from 

the cell sample by filtration.  
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Figure 5.3: Schematic diagram of the proposed generation of micelle / hydrogel composites: 

A) micelle generation, B) hydrogel / micelle composite bead preparation, C) incubation of 

micelle / hydrogel composite beads with cells for BODIPY 505/515 staining. 

5.1.3. Objectives 

In this chapter, an alternative method for the delivery of BODIPY 505/515 to cells was 

developed. Micelle/hydrogel composite microbeads loaded with BODIPY 505/515 were 

generated using droplet microfluidics. Positively charged polymeric micelles were formed in 

aqueous solution and they were subsequently incorporated in a negatively charged hydrogel 

matrix. Two different methods of loading the micelles to the hydrogel beads were 

investigated to optimise the incorporation of BODIPY 505/515 to the beads. The first method 

B 

A 

C 
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that was tested was the mixing of the micelles with one of the polymer precursors prior to 

the generation of the beads. The second method involved the loading of the micelles onto 

the beads after the generation of the beads and their transfer to the aqueous phase.  

The resulting composite beads were incubated with algal cells to stain the lipids within the 

cells with BODIPY 505/515.  The beads were then removed from the cell sample by filtration 

once the staining process was complete. The staining of the algal cells was studied through 

fluorescence microscopy and flow cytometry and the effect of the staining process on the cell 

viability was assessed. Furthermore, the beads were co-encapsulated with cells in 

microdroplets to test whether this was a possible way to overcome the issue of the leakage 

of BODIPY 505/515 from the droplets over time which was observed in Chapter 4. 

5.2. Experimental 

PMMA – block - DMAEMA micelle generation 

The PMMA – block - DMAEMA polymer (Mn = 19.6 kDa, PDI = 1.16) used for the preparation 

of the polymeric micelles was kindly provided by Dr Jing Zhang, Nanjing Tech University. 

Micelles loaded with BODIPY 505/515 were generated using a physical entrapment strategy 

that is commonly used for insoluble drug loading.229 The PMMA – block - DMAEMA polymer 

(4 mg) was dissolved in a 100μM BODIPY 505/515 solution in THF (1 mL). Subsequently, MilliQ 

water (2 mL) was added dropwise to the solution while it was under continuous stirring. The 

resulting mixture was stirred for 30 min and then it was dialysed (Spectra/Por®2 dialysis 

membrane, MWCO: 12,000 – 14,000 g mol-1, Spectrum Laboratories) twice against MilliQ 

water and twice against PBS buffer (1X, pH 7.4). The concentration of the resulting micellar 

solution was adjusted to 1.3 mg/mL for subsequent experiments unless otherwise stated. 

Critical micelle concentration (CMC) determination 

The CMC of PMMA – block - DMAEMA was determined through Nile Red fluorescence 

detection, according to a method adapted from Chen et al.238 A stock solution of 1 mM Nile 

Red in THF was prepared. 20 μL of the solution was transferred to each of eight separate glass 

vials. The vials were placed in a fume-hood for 30 minutes to allow the solvent to evaporate. 

A 0.1 mg/mL solution of the PMMA – block – DMAEMA polymer in THF was prepared and 

different amounts of the solution were added to 10 mL of MilliQ water to obtain solutions 



CHAPTER 5 Algal cell staining using micelle / hydrogel composite beads 

118 
 

with the following concentrations of the polymer: 0.5, 0.4, 0.3, 0.2, 0.1, 0.075, 0.05 and 0.025 

mg/mL. Each of the polymer solutions was then transferred to a glass vial containing the Nile 

Red. The resulting mixtures were mixed overnight in the dark. 200 μL samples from each 

solution were transferred to a 96-well plate and the Nile Red fluorescence of each mixture 

was measured using a plate reader (Fluostar Optima, BMG Labtech, USA). The fluorescent 

emission was measured from 575 to 740 nm at 5 nm intervals after excitation at 550 nm. The 

maximum fluorescence values in each case were plotted against the logarithm of the 

corresponding concentration and the CMC was determined by the intersection of the two 

tangents of the resulting curve.  

Functionalisation of carboxymethyl cellulose (CMC) with thiol groups 

Thiolated carboxymethyl cellulose (CMC-SH) was synthesized following a procedure adapted 

by Rakszewska et al.239 Carboxymethylcellulose sodium salt (125 mg, CMC-Na, MW: 250kDa, 

DS: 1.2, Sigma Aldrich) was dissolved in 13 mL 2-(N-morpholino) ethanesulfonic acid buffer 

(MES buffer, pH 4.75, 0.1 M). PDPH (3-(2-pyridyldithio) propionyl hydrazide) (25 mg, Thermo 

Scientific) was added to the solution. After the PDPH was dissolved, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) (150 mg, EDC, Novabiochem, Merck) was added and the 

reaction was stirred for 3.5 hours at room temperature. The mixture was dialysed using 

cellulose dialysis tubing (molecular weight cut off: 10,000 g mol-1, Sigma Aldrich) against 

milliQ water overnight at 4 °C. On the next day, tris(2-carboxyethyl)phosphine (50 mg, 0.2 

mmol, TCEP, Sigma Aldrich) was added and the mixture was stirred for 3.5 hours at room 

temperature. Then it was dialysed three times against 0.1 M NaCl (pH 3.5) and three times 

against Milli-Q (pH 5), and finally lyophilized over three days using an Alpha 2-4 LDPlus freeze 

drier. 

Ellman’s test 

The efficiency of the thiol functionalisation of CMC was determined with the Ellman’s test.240 

CMC-SH (1 mg) was dissolved in 1 mL of 0.1 M sodium phosphate buffer (pH 8.0), containing 

1 mM EDTA (ethylenediaminetetraacetic acid, Sigma Aldrich). The mixture was heated at 37 

°C on a shaker plate (Grant Bio PCMT Thermoshaker) to accelerate the dissolution process. 

Ellman’s reagent (4 mg, 5,5'-dithio-bis-(2-nitrobenzoic acid), Thermo Scientific) was dissolved 

in 1 mL of DMSO (Sigma Aldrich). A set of standards was prepared by dissolving cysteine 
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hydrochloride in 0.1 M sodium phosphate buffer (pH 8.0), containing 1 mM EDTA 

(ethylenediaminetetraacetic acid, Sigma Aldrich), at concentrations ranging from 0.25 to 1.5 

mM. A set of test tubes was prepared, each containing 2.5 mL of the phosphate buffer and 

50 μL of the Ellman’s reagent solution. A 250 μL sample of each standard and 250 μL of the 

CMC-SH solution were added to each of the test tubes. The test tubes were shaken and then 

incubated in the dark at room temperature for 15 minutes. Three 200 μL samples from each 

solution were transferred to a 96-well plate and their absorbance at 412 nm was recorded 

using a plate reader (Fluostar Optima, BMG Labtech, USA). A standard curve was generated 

from the recorded absorbance values of the cysteine standards. By comparing the absorbance 

of the CMC-SH solution to the standard curve, the amount of free thiol groups on the polymer 

was found to range from 0.56 to 0.76 mmol free thiols per g polymer, which corresponded to 

a 12 to 16% carboxyl transformation efficiency. 

Hydrogel bead generation 

The aqueous precursor solutions used for the hydrogel generation were prepared as follows: 

A solution of CMC-SH was prepared by dissolving CMC-SH in a 10 mM solution of TCEP in PBS 

buffer at a concentration of 2 % w/v. To accelerate the dissolution process, the solution was 

heated at 37 °C. The pH of the mixture was then adjusted to 7.4 by the addition of 2M NaOH 

solution. The pH must be accurately controlled, because at lower pH values the gelation 

process does not take place while at higher pH values the reaction rate is too fast leading to 

possible blockages in the microfluidic device. A 10 % w/v solution of vinylsulfone-PEG5K-

vinylsulfone (Sigma Aldrich) in the micellar PMMA – block – DMAEMA solution was also 

prepared.  

The two polymer precursor solutions were loaded into SGE 500 μL syringes. The syringes were 

then connected to the microfluidic device (Appendix device D, flow-focusing junction 

dimensions: 100 μm x 100 μm x 150 μm (length x width x height)) via fine bore polyethylene 

tubing (ID = 0.38 mm, OD = 1.09 mm, Smiths Medical International Ltd). The precursor 

solutions were injected into the microfluidic device at a flow rate of 300 μL/hr for CMC-SH 

(5.55 mm/s) and 200 μL/hr for the PEG crosslinker (3.70 mm/s). Novec 7500 oil with 0.1% 

Picosurf 1 surfactant was used as the continuous phase and it was injected into the 

microfluidic device at a flow rate of 1000 μL/hr (1.85 cm/s). 
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The generated hydrogel droplets were collected into a centrifuge tube and they were 

subsequently incubated for an hour in the dark so that gelation could take place. 

1H,1H,2H,2H-perfluoro-1-octanol was then added to the emulsion, to disrupt the surfactant 

layer around the microgels, and the microgels were resuspended in F/2 cell growth medium. 

The oil layer was removed by pipetting and the microgels were washed multiple times with 

F/2 medium to ensure the complete removal of the oil around the microgels. 

Bead fluorescence imaging 

The beads were imaged using an IX 71 inverted microscope (Olympus) equipped with an 

EMCCD iXonEM+ DU 897 camera (Andor Technology) at a 10x magnification. The BODIPY 

505/515 fluorescence was imaged using the ‘FITC’ fluorescence channel (excitation filter 488 

nm (bandwidth: 40 nm), emission filter 535 nm (bandwidth: 50 nm)). Micro-Manager Open 

Source Microscopy Software241 was used to capture and to analyse the images to determine 

the fluorescence intensity of the beads. Manual selection of the beads in the images was 

required. 

Cell staining by incubation with micelle/hydrogel composite beads 

A Pt cell sample of concentration 1 x 106 cells/mL was mixed with beads at a 4:1 volume ratio. 

The sample was incubated in the dark while shaking on a Grant Bio PCMT Thermoshaker 

shaker incubator at 500 rpg. Incubation times ranging from 10 minutes to 40 minutes were 

tested. The beads were then removed from the sample through filtration with a pluriStrainer 

Mini filter (pore size: 70 μm). 

Flow cytometry 

Flow cytometry measurements were performed using a CytoFLEX S analyser. Excitation at 488 

nm was used to analyse the forward and side scatter, as well as the BODIPY 505/515 

fluorescence using a 525 nm filter (bandwidth: 40 nm) and the chlorophyll fluorescence, using 

a 690 nm filter (bandwidth: 50 nm). For each sample 10,000 events were recorded.  

Micelle loading to the beads after generation 

Hydrogel beads were prepared following the same procedure as before, but a 10% w/v 

solution of vinylsulfone-PEG5K-vinylsulfone in PBS buffer was used as the precursor solution, 
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instead of the micellar PMMA – block – DMAEMA solution. After the transfer of the beads to 

F/2 medium and the removal of the encapsulation oil, the beads were mixed with the micellar 

PMMA – block – DMAEMA solution, which had a concentration of 1.3 mg/mL. This mixture 

was incubated in the dark while shaking on a shaker plate (Grant Bio PCMT Thermoshaker) at 

500 rpg. Incubation times ranging from 5 minutes to 120 minutes were tested, as well as 

different bead : micellar solution volume ratios. At the end of the incubation, the beads were 

washed multiple times with F/2 medium to remove the excess micelles from the solution.  

Confocal imaging of beads 

The beads were imaged using a Leica TCS SP5 confocal microscope. Images of the beads at 

different focal planes which were 4 μm apart were recorded and collated using the Leica 

Application Suite X software to generate “z-stack” images of the beads, as well as cross-

section images. 

Bead reloading with micelles 

100 μL hydrogel beads were incubated in 200 μL of the 1.3 mg/mL micellar solution for 1 hour. 

The beads were washed four times with 1 mL F/2 medium and a 5 μL sample was imaged 

under a fluorescence microscope using the ‘FITC’ fluorescence channel (excitation filter 488 

nm (bandwidth: 40 nm), emission filter 535 nm (bandwidth: 50 nm)). The remaining beads 

were incubated overnight in a mixture of F/2 medium (500 μL) and Novec 7500 oil (500 μL) to 

ensure that the BODIPY 505/515 on the beads would be removed. The process of loading 

micelles to the beads was repeated two more times. 

Cell – bead co-encapsulation 

A 1.8% w/v solution of CMC-SH in a 10 μM solution of TCEP in PBS buffer and an 8% w/v 

solution of the PEG crosslinker in PBS buffer were prepared. The precursor solutions were 

injected into a droplet generation device with a flow-focusing region of dimensions 25 μm x 

25 μm x 25 μm (length x width x height) (Appendix device E). The precursor solutions were 

injected at a flow rate of 50 μL/hr for two CMC-SH streams (2.22 cm/s) and 100 μL/hr for the 

PEG crosslinker (4.44 cm/s). Novec 7500 oil with 0.1% Picosurf 1 surfactant was injected at a 

flow rate of 1000 μL/hr (44.4 cm/s). The generated droplets were incubated in the dark 

overnight and they were then transferred to F/2 medium.  



CHAPTER 5 Algal cell staining using micelle / hydrogel composite beads 

122 
 

The hydrogel beads were incubated in the 1.3 mg/mL PMMA – block – DMAEMA micellar 

solution for one hour so that they could be loaded with BODIPY 505/515. Once the incubation 

was over, the beads were washed with F/2 medium and 1% v/v Pluronic™ F-68 non-ionic 

surfactant was added to the bead suspension to prevent the beads from sticking to the PDMS 

walls of the microfluidic device during the encapsulation. At the same time, a 200 μL sample 

of Pt cells (1 x 106 cells/mL) was stained by the addition of 0.2 μL of a 1 mM solution of BODIPY 

505/515 in DMSO. 

The cells and the beads were subsequently injected into a droplet generation device with two 

flow-focusing junctions of dimensions 100 μm x 100 μm x75 μm (length x width x height) 

(Appendix device D). The bead suspension and the cell sample were injected at a flow rate of 

100 μL/hr (3.71 mm/s), while FC-40 with 1% Picosurf 1 was injected at a flow rate of 1000 

μL/hr (3.71 cm/s). The generated droplets were collected over 10 minutes in a centrifuge tube 

containing a small volume of 1% Picosurf 1 in FC40 to prevent droplet fusion. Approximately 

15 minutes after their generation the droplets were imaged under a fluorescence microscope. 

5.3. Results and discussion 

5.3.1. Generation of polymeric micelles 

The PMMA – block - DMAEMA polymer (Mn = 19.6 kDa, PDI = 1.16) (figure 5.4A) used for the 

preparation of the polymeric micelles (figure 5.4B) was kindly provided by Dr Jing Zhang. The 

polymer consists of two different polymer blocks: a hydrophobic PMMA (poly(methyl 

methacrylate)) block and a hydrophilic DMAEMA (2-(Dimethylamino)ethyl methacrylate) 

block which is positively charged at acidic pH values due to the protonation of the amine 

functional groups, but becomes neutral at higher pH values.242 The pKa of poly(DMAEMA) 

ranges from 7.4 to 7.8 at 0.15M NaCl depending on the chain length.243 The presence of salts, 

such as NaCl, results in a relative increase in the protonation of the amine groups due to a 

reduction in the electrostatic repulsion between adjacent charged monomers.244 

 The critical micelle concentration of the PMMA – block – DMAEMA polymer was determined 

by Nile Red fluorescence detection, according to a method adapted from Chen et al.238 Nile 

Red is a dye that is frequently used in the study of heterogeneous systems, such as micelles,236 

liposomes245 and proteins.246 It is sensitive to its local environment, exhibiting strong 
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fluorescence at hydrophobic environments, but weak fluorescence in hydrophilic 

environments. Due to this characteristic, it has been successfully used to study the local 

polarity of heterogeneous systems.234 
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Figure 5.4: A) The structure of PMMA – block – DMAEMA, B) schematic diagram showing the 

self-assembly of the block copolymer in aqueous solution to form micelles loaded with 

BODIPY 505/515, C) the emission spectra of PMMA – block – DMAEMA and Nile Red mixtures 

in MilliQ water for different concentrations of the polymer (excitation: 550 nm, emission 

recorded at 5 nm intervals), D) plot of the maximum fluorescence against the logarithm of the 

polymer concentration for each mixture. The fluorescence measurements were performed in 

triplicate. The intersection point of the two tangents gives the critical micelle concentration 

value. 

Different amounts of a 0.1 mg/mL solution of the PMMA – block – DMAEMA polymer in THF 

were added to 10 mL of MilliQ water to obtain aqueous solutions with polymer 

concentrations ranging from 0 to 0.5 μg/mL. Each of the polymer solutions was then 

transferred to a glass vial containing Nile Red (20 nmol) and the resulting mixtures were 

A 

D C 

B 



CHAPTER 5 Algal cell staining using micelle / hydrogel composite beads 

124 
 

shaken on a shaking plate overnight in the dark. The Nile Red fluorescence emission of each 

sample was measured after excitation at 550 nm (figure 5.4C). The maximum fluorescence 

values in each case were plotted against the logarithm of the corresponding concentration 

and the critical micelle concentration was determined by the intersection of the two tangents 

of the resulting curve (figure 5.4D). It was determined to be approximately 0.2 μg/mL. It was 

not possible to find a literature value of the critical micelle concentration of MMA62 – b – 

DMAEMA85 for direct comparison, however, PMMA – block – DMAEMA polymers of larger 

molar mass (29.4 – 96.7 kDa) and larger DMAEMA/PMMA ratio have reported critical micelle 

concentration values that range from 0.51 to 1 μg/mL.247  

The process used to generate BODIPY 505/515-loaded micelles is shown in figure 5.5 and 

described in more detail in the Experimental section 5.2. The PMMA – block - DMAEMA 

polymer was dissolved in a BODIPY 505/515 solution in THF. Subsequently, MilliQ water was 

added dropwise to the solution under continuous stirring. The resulting mixture was dialysed 

(dialysis membrane MWCO: 12,000 – 14,000 g mol-1) first against MilliQ water and then 

against PBS buffer (pH 7.4). The concentration of the micellar solution after the dialysis 

process was adjusted to 1.3 mg/mL through the addition of PBS buffer when necessary.  

 

Figure 5.5: Schematic diagram of the process used to generate PMMA – block – DMAEMA 

micelles loaded with BODIPY 505/515: (i) dropwise addition of MilliQ water to solution of 

PMMA – block – DMAEMA and BODIPY 505/515 in THF under continuous stirring, (ii) micelle 

formation, (iii) dialysis of micellar solution against MilliQ water and PBS buffer. 

 

(i) (ii) (iii) 
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The micelle suspension was mixed with Pt cells to test the delivery of the BODIPY 505/515 

dye to the cells. A micellar suspension of concentration 1 mg/mL was mixed with a sample of 

Pt cells in F/2 medium (1.5 x 106 cells/mL) at a 1:4 volume ratio and the mixture was incubated 

in the dark for 30 minutes before being imaged under a fluorescence microscope. While the 

micelles effectively delivered the hydrophobic dye to the cells, they remained in solution 

causing a high fluorescence background which inhibited the quantitative measurement of the 

intracellular fluorescence. At the same time, the positively charged micelles would stick to 

the cell walls due to electrostatic interaction with the negatively charged cell membrane248 

(figure 5.6). To eliminate this issue, the incorporation of the micelles into hydrogel beads was 

proposed. 

    

Figure 5.6: Brightfield and fluorescence images of Pt cells after a 30-minute incubation with 

the micelles loaded with BODIPY 505/515 suspension. 

5.3.2. Preparation of thiolated carboxymethyl cellulose (CMC-SH) 

To generate hydrogel materials, click chemistry reactions are favoured, since they take place 

at room temperature at fast rates. Click chemistry is a term first used by Sharpless et al. 249 to 

describe reactions that are “modular, wide in scope, give very high yields, generate only 

inoffensive by-products that can be removed by non-chromatographic methods, and are 

stereospecific (but not necessarily enantioselective)”. The thiol-Michael addition reaction is a 

type of click reaction that is frequently used to generate hydrogels.217  

Thiol-Michael type reactions take place at room temperature within the span of a few minutes 

and usually give high yields. They do not usually result in by-products and can occur without 
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catalyst.217,251 Since they can take place under mild, solvent-free conditions, they are 

particularly attractive for the generation of hydrogel materials for biological applications.252 

Carboxymethylcellulose (CMC) is a naturally occurring polysaccharide that is widely used in 

biotechnological applications. It contains numerous carboxyl groups, which are negatively 

charged at neutral or basic pH values. This would facilitate the capture of the positively 

charged micelles in the hydrogel matrix. Additionally, the carboxyl groups of CMC can be 

functionalised through simple chemical reactions .250 This enables the introduction of thiol 

groups to the polymer, so that it can be used in a thiol-Michael addition reaction.217 

Carboxymethylcellulose sodium salt (CMC-Na, MW: 250 kDa, DS: 1.2) was modified using a 

method adapted from Rakszewska et al.,239 as shown in the reaction scheme in figure 5.7.  

 

 

Figure 5.7: The synthesis of CMC-SH. 

The Ellman’s test was used to determine the amount of free thiol groups added to the 

polymer.240 This was found to be 0.66 ± 0.10 mmol free thiols per g polymer, which 

corresponded to a 14 ± 2% carboxyl transformation efficiency. This transformation efficiency 

was suitable, as the resulting CMC-SH polymer had sufficient thiol groups to form cross-links, 

while at the same time still containing a large number of carboxyl groups which would form 

electrostatic interactions with the positively charged micelles. 

5.3.3. Hydrogel bead generation 

Besides the thiolated carboxymethyl cellulose (CMC-SH), the other polymer precursor 

selected for the hydrogel formation was a PEG (polyethylene glycol) cross-linker with two 

vinylsulfone functional groups purchased from Sigma Aldrich (figure 5.8). The vinyl sulfone 
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groups on the PEG crosslinker react readily with the thiol groups of CMC-SH in neutral to 

slightly alkaline conditions to form stable thioether sulfone bonds which are resistant to 

hydrolytic degradation.217 

 

Figure 5.8: The polymer precursors and the reaction conditions used for the hydrogel bead 

generation. 

A PDMS microfluidic device with two flow-focusing junctions was used to generate the 

hydrogel beads (figure 5.9A) (Appendix device D). The dimensions of the flow-focusing 

regions of this device were 100 μm x 100 μm x 150 μm (length x width x height). Two polymer 

precursor solutions were prepared: a 2% w/v solution of CMC-SH in a 10 μM solution of TCEP 

in PBS buffer and a 10% w/v solution of the PEG crosslinker in the micellar solution of PMMA 

– block – DMAEMA in PBS. The precursor solutions were injected into the microfluidic device 

at a flow rate of 300 μL/hr (5.55 mm/s) for CMC-SH and 200 μL/hr (3.70 mm/s) for the PEG 

crosslinker. Novec 7500 oil with 0.1% Picosurf 1 surfactant was used as the continuous phase 

and it was injected into the microfluidic device at a flow rate of 1000 μL/hr (1.85 cm/s). The 

monodisperse droplets (figure 5.9B) (diameter: 200 μm, volume: 4 nL) were collected in an 

Eppendorf tube and they were subsequently incubated for one hour in the dark, so that the 

gelation process could take place. Longer incubation times of the droplets in the oil phase 

were avoided, as, due to the solubility of BODIPY 505/515 in the Novec 7500 oil, the dye 
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would leak out of the droplets and into the oil over time, leading to a loss of the cargo of the 

beads. A one-hour incubation was determined to be sufficient for gelation to take place, 

while, at the same time, minimising the loss of BODIPY 505/515. 

After the incubation, the surfactant surrounding the hydrogel beads was removed by the 

addition of 1H,1H,2H,2H-perfluorooctanol and the beads were transferred to F/2 cell growth 

medium. The encapsulation oil was removed using a pipette and the beads were centrifuged 

at 6000 rpm for 90 seconds and washed multiple times with F/2 to ensure complete removal 

of the oil from the bead suspension (figure 5.9C). Once the beads were washed, they were 

imaged under a fluorescence microscope. The Micro-Manager Open-Source Microscopy 

Software was used to record the fluorescence images and measure the bead fluorescence 

intensity. Through the fluorescence images it was determined that the beads were 

successfully loaded with BODIPY 505/515 (figure 5.9D). 

         

Figure 5.9: Brightfield image of A) the hydrogel droplet generation in the flow-focusing 

microfluidic device (flow-focusing region dimensions: 100 μm x 100 μm x 150 μm (length x 

width x height), flow rates: 300 μL/hr for CMC-SH (5.55 mm/s), 200 μL/hr for the PEG 

crosslinker (3.70 mm/s) and 1000 μL/hr for Novec 7500 oil with 0.1% Picosurf 1 (1.85 cm/s), 

B) the generated hydrogel droplets in encapsulation oil and C) the hydrogel beads after a 1 hr 

incubation and transfer to F/2 medium, D) fluorescence imaging of the hydrogel beads after 

transfer to F/2 medium. 

A 
B 

C 

D 
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To demonstrate the role that the micelles played in increasing the loading capacity of the 

beads, two hydrogel bead samples were prepared. The first sample consisted of hydrogel 

beads that did not contain micelles. They were generated using a solution of the PEG 

crosslinker in PBS buffer instead of the micellar solution used in figure 5.9. The second sample 

consisted of beads containing 1 mg/mL micelles, although the micelles were not loaded with 

BODIPY 505/515. The beads of both samples were incubated in a BODIPY 505/515 solution in 

DMSO for one hour and they were subsequently washed multiple times with F/2 medium. 

The beads were imaged under a fluorescence microscope and their fluorescence was 

measured using Micro-Manager Open-Source Microscopy Software241 (figure 5.10). The 

fluorescence of the micelle/hydrogel composite beads was higher than that of the plain 

hydrogel beads, showing that the composite beads were more efficient in capturing BODIPY 

505/515. 
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Figure 5.10: A) Box plot showing the fluorescence of hydrogel beads without micelles before 

and after their incubation in BODIPY 505/515 solution in DMSO, B) box plot showing the 

fluorescence of micelle/hydrogel composite beads, generated using a 1 mg/mL micellar 

solution, before and after their incubation in BODIPY 505/515 solution in DMSO. The 

fluorescence of 20 beads was measured for each sample. The experiment was performed 

once. 

To optimise the loading of micelles to the hydrogel beads, different concentrations of the 

micellar dispersion used during the bead generation were examined. Solutions with micelle 

concentrations ranging from 0.5 to 1.5 mg/mL were used to generate hydrogel beads and the 

A B 
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fluorescence of the beads generated with each micellar solution was compared by imaging 

under a fluorescence microscope.  The fluorescence of 45 beads from each sample was 

measured (figure 5.11) and box plots of the fluorescence values were generated for each 

micelle concentration. The results showed that the optimum loading of BODIPY 505/515 to 

the beads was achieved when the micellar solution used had a concentration between 1.25 

and 1.5 mg/mL. For this reason, in all subsequent experiments, a 1.3 mg/mL micellar solution 

was used. 
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Figure 5.11: Box plot showing the fluorescence intensity of beads generated with different 

concentrations of the micellar solution (each box corresponds to the fluorescence intensity 

data of 45 beads). The experiment was repeated three times. 

The fluorescence of the generated hydrogel/micelle composite beads loaded with BODIPY 

505/515 was monitored over five hours to examine the change in the BODIPY 505/515 

content of the beads over time. The fluorescence of 60 beads was measured at every 

timepoint and a box plot of the bead fluorescence was generated. A decrease in the 

fluorescence of the beads over time is observed, as the dye slowly leaks out of the beads 

(figure 5.12). 
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Figure 5.12: A) Box plot showing the change in bead fluorescence intensity over time (each 

box corresponds to the fluorescence intensity data of 60 beads), B) fluorescence images of 

the beads (i) at 0 hours (just after the end of the washing procedure) and (ii) after 5 hours. 

The experiment was performed once. 

5.3.4. Cell staining with hydrogel beads 

Once the hydrogel beads were successfully generated, they were incubated with Pt cells so 

that staining of the cells with the dye could take place. As the BODIPY 505/515 contained 

within the beads leaks out over time, the dye crosses the cell membrane of the algal cells and 

stains the intracellular lipids due to its high oil / water partition coefficient.181 

A cell sample of density 1 x 106 cells/mL was mixed with beads at a 4:1 volume ratio. The 

sample was incubated in the dark while shaking on a shaker incubator for 40 minutes. The 

beads were then removed from the sample through filtration with a pluriStrainer Mini filter 

(pore size: 70 μm) (figure 5.13A) and the cells were imaged under a fluorescence microscope, 

so that their intracellular fluorescence could be assessed (figure 5.13B(ii)). Comparison of the 

cell fluorescence to the fluorescence of the cells before their incubation with the beads (figure 

5.13B(i)), revealed that the Pt cells were successfully stained with BODIPY 505/515. 

The stained cells were transferred to fresh F/2 medium and they were cultured over five days. 

On each day, the density of the cell culture was measured using a hemocytometer. The cells 

grew normally in the fresh medium, showing that their viability was not affected by the 

staining process (figure 5.13C). 

A B 
(i) (ii) 
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Figure 5.13: A) Schematic diagram showing the staining of Pt cells by co-incubation with the 

micelle/hydrogel conjugate beads and the removal of the beads by filtration after the 

staining, B) Pt cells (i) before the cell staining and (ii) after the cell staining, C) Pt cell re-culture 

in fresh F/2 medium after their staining by co-incubation with the conjugate beads. Cell 

density measured with a haemocytometer over five days of culture. The experiment was 

conducted once. 

To obtain a more quantitative measure of the cell fluorescence, the fluorescence of the 

recovered cells was analysed through flow cytometry. Flow cytometry is a powerful technique 

which is frequently used to detect the fluorescence of single cells at a high throughput. 

A Pt cell sample of concentration 1 x 106 cells/mL was mixed with beads at a 4:1 volume ratio. 

The sample was incubated in the dark while shaking on a shaker incubator for 30 minutes. 

The beads were then removed from the sample through filtration and the fluorescence of the 

cells was analysed with a CytoFLEX S analyser, using a 488 nm laser as the illumination source. 

For comparison, the fluorescence of Pt cells that had not been stained was also recorded. 

A 

B (i) C 

  (ii) 
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Data of the BODIPY 505/515 fluorescence emitted by the cells were collected using a 525 nm 

band pass filter (bandwidth: 40 nm). 10,000 events were recorded for each sample. An 

increase in the fluorescence recorded was observed in the sample of cells that had been 

incubated with the beads (figure 5.13A). The mean fluorescence emitted by the unstained Pt 

cells was 1.8 x 104 a.u., while the mean fluorescence emitted by the cells that had been 

incubated with the beads was 1.74 x 106 a.u., two degrees of magnitude higher. 

The beads and a 1 x 106 cells/mL Pt cell sample were mixed at different volume ratios to 

determine the minimum number of beads that resulted in successful staining of the Pt cells. 

200 μL of the cell sample was mixed with 50 μL, 100 μL and 150 μL beads. After 40 minutes 

of incubation the beads were removed by filtration and the fluorescence of the cells was 

recorded through flow cytometry (figure 5.14B). The mean fluorescence intensity values of 

the Pt cells in each sample were compared and were found to be close in value for the three 

cell : bead ratios tested (figure 5.14C). Based on the results of this test, a 4:1 cell : bead volume 

ratio (50 μL beads : 200 μL cell sample) was determined to be enough for cell staining and 

was used for all subsequent experiments, as it would require the preparation of the smallest 

amount of beads. 
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Figure 5.14: A) Fluorescence intensity distributions corresponding to the green fluorescence 

emitted by the Pt cells before and after their incubation with hydrogel beads for 40 minutes, 

B) fluorescence intensity distributions of Pt cells stained with different amounts of hydrogel 

beads and C) the mean fluorescence intensity values of each of the Pt cell samples stained 

with different amounts of beads. Excitation at 488 nm was used to analyse the BODIPY 

505/515 fluorescence using a 525 nm filter (bandwidth: 40 nm). For each sample 10,000 

events were recorded. The experiment was performed once. 

The effect of the incubation time on the staining of the cells by the beads was examined by 

flow cytometry to determine the optimum incubation time. Pt cell samples of concentration 

1 x 106 cells/mL were mixed with beads at a 4:1 volume ratio.  Each of the samples was 

incubated for a different amount of time, ranging from 10 to 40 minutes. The BODIPY 505/515 

fluorescence of each cell sample was measured through flow cytometry (figure 5.15A) and 
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the median fluorescence intensity values were calculated (figure 5.15B). The results showed 

that 30 minutes of incubation time were optimum for the staining of the Pt cells.  
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Figure 5.15: Flow cytometry measurements of the fluorescence emitted Pt cells after 

different incubation times with the hydrogel beads: A) fluorescence intensity distributions, B) 

the median fluorescence intensity (MFI) values (excitation at 488 nm, emission filter:  525 nm 

(bandwidth: 40 nm). For each sample 10,000 events were recorded. The experiment was 

repeated twice. 

To better understand the factors that affect the cell staining time, a rough estimate of the 

time needed for BODIPY 505/515 molecules to diffuse from the beads to the cells was 

generated. Based on the bead concentration used for cell staining (a 4:1 cell : bead volume 

ratio, which is equal to 3 x 104 beads/mL), and under the assumption that the beads and the 

cells in the sample are well mixed, an approximate value of the mean distance between the 

beads in the solution was calculated using Equation 5.1. 

𝑑 =  
1

√𝑐
3  

where c is the bead concentration and d is the mean distance. The distance was thus 

estimated to be 320 μm. As the bead radius was 100 μm, the distance from the surface of one 

bead to the surface of the other was therefore 120 μm. As the cells could be at any point in 

the solution between the beads, the distance of a cell from the nearest bead was assumed to 

be in the range of 60 μm. 

A B 

(Equation 5.1) 
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Using this estimate of the diffusion distance and Equation 4.1., which was previously used in 

section 4.3.2., the time needed for a molecule of BODIPY 505/515 to diffuse from a bead to a 

cell was calculated.   

𝑡 =  
𝑥2

6 ∙ 𝐷
 

In this case, x is the diffusion distance, t is the diffusion time and D is the molecular diffusion 

coefficient. An approximate value of 4 x 10-6 cm2/s was used for the molecular diffusion 

coefficient, as in section 4.3.2. The diffusion time was estimated to be approximately 2 s. The 

diffusion of the dye in the solution is therefore a relatively quick process which is further 

accelerated by the continuous mixing of the cells and the beads. This indicates that most of 

the time needed for the cell staining to take place is consumed by the two other processes 

taking place: the release of the dye from the composite beads and the crossing of the cell 

membrane, once the dye reaches the cell, to stain the intracellular lipids.  

The micelle/hydrogel composite beads can be used to stain other algal cell species besides Pt. 

A Nannochloropsis gaditana (Ng) cell sample of concentration 1 x 106 cells/mL was mixed with 

beads at a 4:1 volume ratio and they were incubated together for 30 minutes. The beads were 

then filtered off the cell sample and the BODIPY 505/515 fluorescence of the cells was 

measured through flow cytometry (figure 5.16). Fluorescence compensation was applied to 

the recorded fluorescence values to compensate for the high chlorophyll autofluorescence of 

the Ng cells. The median fluorescence emitted by the cells after the incubation process was 

two degrees of magnitude higher than that emitted by the Ng cells that had not been stained 

by beads. The flow cytometry results therefore showed that the staining of the cells with the 

beads was successful. 

(Equation 4.1) 
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Figure 5.16: Fluorescence intensity distributions corresponding to the green fluorescence 

emitted by Ng cells before and after their incubation with hydrogel beads for 30 minutes. 

Each distribution corresponds to 10,000 cells. The experiment was carried out once. 

5.3.5. Optimisation of the loading of BODIPY 505/515 to the beads 

While it has been demonstrated that the BODIPY 505/515 loaded micelle / hydrogel 

composite beads are able to stain the cells, further optimisation was required to enhance the 

dye loading and thus to increase the staining efficiency. As was mentioned in section 5.3.3., 

during the preparation process of the micelle / hydrogel composite beads, the hydrogel 

microdroplets containing BODIPY 505/515 were incubated in the Novec 7500 oil. Because the 

BODIPY 505/515 is partially soluble in the Novec 7500 oil, there was a significant loss of dye 

during the incubation (figure 5.17).  

 

Figure 5.17: Fluorescence image of the micelle/hydrogel composite beads during a four-hour 

incubation in the Novec 7500 encapsulation oil. BODIPY 505/515 fluorescence is emitted by 

the oil phase due to leakage of the dye from the beads. 
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An alternative method of loading the micelles into the hydrogel beads was tested to reduce 

the loss of the dye during the preparation of the beads. According to this method, the 

polymeric micelles which contained the dye were incorporated onto the beads after the 

transfer of the beads to aqueous medium.  

Hydrogel beads were prepared following the same procedure as before (figure 5.9A), 

however, the PEG crosslinker was dissolved in PBS buffer instead of the micellar solution. The 

generated droplets were incubated for one hour for the crosslinking to take place and they 

were then resuspended in F/2 medium. Once the hydrogel beads were transferred to the 

aqueous phase, a 1.3 mg/mL solution of the PMMA – block – DMAEMA micelles loaded with 

BODIPY 505/515 was added to the beads for incubation. Finally, the beads were collected, 

and the excess micelles were washed away with F/2 medium (figure 5.18A). 

During the incubation of the hydrogel beads in the micellar solution, the positively charged 

micelles were captured by the hydrogel beads due to electrostatic interaction between the 

micelles and the negatively charged carboxyl groups of the CMC-SH. Once the micelles were 

successfully incorporated into the hydrogel matrix, the excess micelles were removed from 

the surrounding solution by washing the beads multiple times with F/2 medium. 

As shown in figure 5.18B, the loading of the hydrogels with BODIPY 505/515 was successful. 

The collected beads after the incubation in the micellar solution, displayed high fluorescence 

in the FITC channel (excitation at 488 nm (bandwidth: 40 nm) and emission at 535 nm 

(bandwidth: 50 nm)) when imaged under a fluorescence microscope (figure 5.18C).       
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Figure 5.18: A) Schematic diagram showing (i) the generation of hydrogel beads and (ii) the 

incubation of the hydrogel beads in micellar solution to load the micelles onto the beads, 

followed by the washing of the beads to remove excess micelles, B) bright-field and 

fluorescence images of hydrogel beads (i) before and (ii) after their incubation in 1.3 mg/mL 

micellar solution C) box plot showing the measured bead fluorescence before and after the 

incubation of the hydrogel beads in the micellar solution. The fluorescence of 60 beads was 

measured. 

 

A 

B 

C 
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(ii) 
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Various incubation times of the beads in the micellar solution were tested to determine the 

optimal incubation time for the capture of the micelles by the hydrogel beads (figure 5.19A). 

20 μL of the beads were incubated in the dark with 40 μL of the micellar solution under 

continuous shaking on a shaker plate. Each sample was washed five times with F/2 medium 

after the incubation, to ensure the removal of excess micelles and the beads were imaged 

under a fluorescence microscope. The average fluorescence of each bead sample was 

determined using the image analysis software of Micro-Manager. An incubation time of one 

hour was determined to be sufficient for the optimal loading of micelles to the beads.  

Furthermore, 20 μL samples of the beads were mixed with different volumes of the micellar 

solution (10 μL, 20 μL, 30 μL and 40 μL) and incubated for 90 minutes to identify the ideal 

bead : micellar solution volume ratio to be used during the incubation process. In this case, it 

was determined that a 1:2 volume ratio was sufficient for the optimal loading of the beads 

with the micelles (figure 5.19B). 

After the loading of the beads with micelles, a confocal microscope was used to access the 

distribution of the micelles within the beads. Images of the beads at different focal planes 

which were 4 μm apart were recorded and collated to generate “z-stack” images of the beads 

(figure 5.19C(i)), as well as cross-section images (figure 5.19C(ii), xz section) (figure 5.19C(iii), 

yz section) showing the placement of the micelles at different heights. These images showed 

that the micelles were concentrated mainly on the outer surface of the beads, with the centre 

of the beads remaining relatively free of micelles. This implies that the pore size of the 

hydrogel is smaller than the size of the micelles, so the micelles cannot pass into the inside of 

the hydrogel beads. Further optimisation to the bead composition and adjustment of the 

cross-linking density is required to achieve uniform distribution of the micelles in the beads. 
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Figure 5.19: A) Testing of different incubation times of the hydrogel beads in the micellar 

solution to optimise the loading of micelles to the hydrogel beads; the fluorescence of 70 

beads was measured for each datapoint and the test was carried out three times, B) testing 

of different bead : micellar solution volume ratios used during the incubation process to 

optimise the loading of micelles to the hydrogel beads; the fluorescence of 70 beads was 

measured for condition tested and the test was carried out twice, C) confocal imaging of a 

hydrogel bead after its incubation in the micellar solution: (i) z-stack image generated by 

compiling images of the bead at focal planes which were 4 μm apart, (ii) xz bead cross-section, 

(iii) yz bead cross-section. 

By using this method of loading micelles to the beads, it should be possible to reuse beads 

that have already been used and drained of BODIPY 505/515. To test this theory, 100 μL beads 

were incubated in 200 μL of the micellar solution for 1 hour. The beads were washed four 

times with F/2 medium and a 5 μL sample was imaged under a fluorescence microscope. The 

remaining beads were incubated overnight in a mixture of F/2 medium and Novec 7500 oil to 

ensure that the BODIPY 505/515 on the beads would be removed. On the next day, the beads, 

A 

B 

C (i) 

(ii) 

(iii) 
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which no longer contained BODIPY 505/515, were incubated once more in the micellar 

solution. Fluorescence imaging of the beads after the incubation showed that, through this 

process, they were successfully reloaded with BODIPY 505/515. Overall, the beads were 

successfully loaded with micelles three times over the span of three days (figure 5.20). 

 

Figure 5.20: Reloading of the hydrogel beads with BODIPY 505/515 by incubation in a 1.3 

mg/mL solution of micelles loaded with BODIPY 505/515. Between each incubation step, the 

beads were stored overnight in a mixture of F/2 medium and Novec 7500 oil to remove all 

the BODIPY 505/515 from the beads. The fluorescence of 40 beads was measured for each 

datapoint. The experiment was performed twice. 

The staining of Pt cells with beads that had been loaded with micelles after their generation 

was tested. Hydrogel beads were incubated in the 1.3 mg/mL micellar solution for one hour 

at a 1:2 bead: micellar solution volume ratio. The beads were then washed with F/2 medium 

to remove the free micelles from the medium surrounding the beads and they were mixed 

with a Pt cell sample of concentration 1 x 106 cells/mL. The beads and the cells were incubated 

together for 40 minutes. Then, the beads were removed from the sample and the cells were 

imaged under a fluorescence microscope. The staining of the cells with BODIPY 505/515 

appeared to be heterogeneous. There were some free micelles in the solution which became 

attached to the cell wall of some cells (figure 5.21). 
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Figure 5.21: A) Bright-field and B) fluorescence images of Pt cells stained with BODIPY 

505/515 by incubation with the micelle/hydrogel beads for 40 minutes. 

5.3.6. Bead / cell co-encapsulation for sustained cell staining in droplets 

A proposed solution to the issue of the leakage of BODIPY 505/515 from microdroplets over 

time, is to encapsulate hydrogel beads loaded with BODIPY 505/515 in the droplets. As the 

beads release BODIPY 505/515 slowly over time, they could act as localised deposits of 

BODIPY 505/515 to counteract the effect of the BODIPY 505/515 diffusing out of the droplets. 

To test whether this approach is viable, hydrogel beads of diameter 40 μm (34 pL in volume) 

were generated and encapsulated with Pt cells in microdroplets.  

Two polymer precursor solutions were prepared: a 1.8% w/v solution of CMC-SH in a 10 μM 

solution of TCEP in PBS buffer and an 8% w/v solution of the PEG crosslinker in PBS buffer. 

The precursor solutions were injected into the microfluidic device shown in figure 5.22A 

(Appendix device E). The device had four inlets and the dimensions of the flow-focusing 

region were 25 μm x 25 μm x 25 μm (length x width x height). The precursor solutions were 

injected at a flow rate of 50 μL/hr for each CMC-SH stream (2.22 cm/s) and 100 μL/hr for the 

PEG crosslinker (4.44 cm/s). Novec 7500 oil with 0.1% Picosurf 1 surfactant was injected at a 

flow rate of 1000 μL/hr (44.4 cm/s). 

The generated droplets were incubated in the dark overnight and they were then transferred 

to F/2 medium. The hydrogel beads, which were approximately 40 μm in diameter, were 

incubated in the PMMA – block – DMAEMA micellar solution for one hour so that they could 

A B 
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be loaded with BODIPY 505/515. Once the incubation was over, the beads were washed with 

F/2 medium and 1% v/v Pluronic™ F-68 non-ionic surfactant was added to the bead 

suspension to prevent the beads from sticking to the PDMS walls of the microfluidic device 

during the encapsulation. At the same time, a 200 μL sample of Pt cells (1 x 106 cells/mL) was 

stained by the addition of 0.2 μL of a 1 mM solution of BODIPY 505/515 in DMSO. 

The cells and the beads were subsequently injected into a droplet generation device to be co-

encapsulated into droplets. The device used was similar in geometry to the device in figure 

5.9A (Appendix device D), however, the dimensions of the flow-focusing junctions were 100 

μm x 100 μm x75 μm (length x width x height). The bead suspension and the cell sample were 

injected at a flow rate of 100 μL/hr (3.71 mm/s), while FC-40 with 1% Picosurf 1 was injected 

at a flow rate of 1000 μL/hr (3.71 cm/s) (figure 5.22B).  

The generated droplets (droplet diameter: 120 μm, volume: 0.9 nL) were collected in a 

centrifuge tube containing a small volume of 1% Picosurf 1 in FC40 to prevent droplet fusion. 

Approximately 15 minutes after their generation the droplets were imaged under a 

fluorescence microscope (figure 5.22C). While the hydrogel beads displayed strong BODIPY 

505/515 fluorescence, the fluorescence of the cells was weaker than it was before their 

encapsulation, implying that the rate at which BODIPY 505/515 leaks out from the cells to the 

FC-40 oil surrounding the droplets is faster than the rate at which the dye is transferred from 

the hydrogel bead to the cells. 
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Figure 5.0.22: A) Image of the device (Appendix device E) used to generate 40 μm diameter 

hydrogel beads (flow-focusing region dimensions: 25 μm x 25 μm x 25 μm (length x width x 

height), flow rates: 2 x 50 μL/hr for CMC-SH, 100 μL/hr for the PEG crosslinker and 1000 μL/hr 

for the oil), B) the device used to co-encapsulate the 40 μm beads with Pt cells (Appendix 

device D, flow-focusing region dimensions: 100 μm x 100 μm x75 μm (length x width x height), 

flow rates: 100 μL/hr for the beads and the Pt cells and 1000 μL/hr for the oil), C) brightfield 

(i) and fluorescence (ii) images of a Pt cell co-encapsulated with a 40 μm bead in a 120 μm 

droplet 15 minutes after the droplet generation. The experiment was performed twice. 

A 

B 
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5.4. Conclusions 

In this chapter, a new algal cell staining method was developed using micelles-hydrogel 

composite beads loaded with BODIPY 505/515. Positively charged PMMA – block – DMAEMA 

micelles loaded with BODIPY 505/515 were successfully generated. The micelles were then 

incorporated in a hydrogel formed by the reaction between CMC-SH and a PEG crosslinker to 

form micelle/hydrogel composite microbeads. The beads were mixed and incubated with 

algal cells to stain them and the success of this new staining method was assessed with 

fluorescence microscopy and flow cytometry measurements. An alternative approach to 

loading the micelles to the hydrogel beads was examined to reduce the loss of BODIPY 

505/515 during the preparation process. This new approach could be applied to load the 

beads with BODIPY 505/515 several times, ensuring that the beads can be reused for staining. 

Finally, the micelle/hydrogel composite beads were co-encapsulated with Pt cells in 

microdroplets to test whether this was a possible way to keep the encapsulated cells stained 

with BODIPY 505/515 for a longer time. Unfortunately, the rate at which BODIPY 505/515 

leaked out of the droplets was faster than the rate at which the dye was transferred from the 

hydrogel bead to the cells. 

5.5. Future work 

Loading the micelles to the hydrogel beads after the transfer of the beads to aqueous medium 

helped reduce the loss of BODIPY 505/515 during the bead preparation process. However, 

the distribution of the micelles in the beads was very uneven and, as a result, most of the 

micelles were concentrated on the outer surface of the beads. Further work is required to 

optimise the loading of BODIPY 505/515 to the beads and achieve uniform distribution of the 

micelles in the beads. A possible way to ensure that the micelles can penetrate deeper into 

the hydrogel beads is to increase the pore size of the hydrogel by adjusting the cross-linking 

density.  

Co-encapsulating cells and beads loaded with BODIPY 505/515 in microdroplets could 

potentially keep the cells stained for longer, however for that to be achieved the rate at which 

the dye is transferred from the beads to the cells must be equal to the rate at which the dye 

leaks out of the droplets. In the case of the beads used in section 5.3.6, the rate at which the 

dye was transferred from the beads to the cells was too slow. Further work is required to 
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adjust the release rate of BODIPY 505/515 from the beads, perhaps by modifying the 

composition of the micelles or by switching to a different encapsulation oil. 
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CHAPTER 6 

Conclusions 

Algae are promising microorganisms for the production of biofuel and high value chemicals. 

Increased interest in their industrial exploitation has revealed gaps in our knowledge of the 

physiology and behaviour of microalgae at the single cell level. As a result, single cell methods 

are increasingly applied to study algal cells.57,253 The aim of this thesis was to use droplet 

microfluidic technology to establish a platform for the study and high throughput screening 

of single algal cells, mainly focusing on the determination of the lipid content of the cells. 

A droplet microfluidic platform could offer multiple advantages over other screening 

methodologies currently used in algal research.  Plate-based screening, which is commonly 

used in algal studies, is limited by the relatively small number of cells that can be examined in 

a single screen and the relatively slow screening rate.73 FACS, which has also been used to 

screen single algal cells,255,256 enables high-throughput screening of larger cell samples, 

however it suffers from its own limitations. Some cells can be damaged due to the 

hydrodynamic stress that they experience during sorting. Terashima et al.255 were only able 

to obtain viable colonies from about 5% of the C. reinhardtii mutants that they recovered 

after Nile red staining and FACS. In contrast, the droplets in the droplet-based sorting process 

shield the cells from damage, resulting in recovered cells that are almost 100% viable.82,191 

Furthermore, the ability to control the cellular environment which is provided by droplet 

microfluidics, enables the screening of both the cells and their microenvironment, something 

that is not possible through FACS.160 

In this thesis, single Phaeodactylum tricornutum cells were successfully encapsulated in 

microdroplets of diameter ~ 40 μm using a PDMS flow-focusing microfluidic device. The 

growth of the encapsulated cells was monitored over 11 days and was found to be 

heterogeneous. To overcome the issue of cell sedimentation during the encapsulation 

procedure and to increase the time over which the procedure could be run, 10% v/v OptiPrep 

density matching medium was added to the cell suspension prior to the encapsulation. The 

addition of OptiPrep significantly reduced cell sedimentation, minimising its impact on the 

cell encapsulation efficiency over time. As a result, the percentage of undesirable empty 

droplets collected during the encapsulation process, only increased by 6% over two hours, as 
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compared to the much larger increase (28%) observed when OptiPrep was not used. 

Furthermore, it was confirmed that the presence of OptiPrep had no impact on the algal cell 

growth. 

A fluorescence-activated droplet sorting (FADS) platform was used for the detection of the 

intracellular fluorescence of Pt cells encapsulated in microdroplets. Following the 

modification of the optical components of a previously existing fluorescence detection 

platform,160 the accuracy of the fluorescence detection increased by nearly tenfold, reducing 

the fluorescence measurement variation from 87%, which was achieved by a previously used 

platform,82,160 to 8%. This increase in accuracy was confirmed initially by detecting the 

fluorescence of fluorescent beads encapsulated in droplets and then by detecting the 

chlorophyll fluorescence of encapsulated Pt and Ng (N. gaditana) cells. The detection 

capabilities of the FADS platform were also tested by detecting the chlorophyll fluorescence 

of Pt cells which contained different chlorophyll levels. These tests confirmed that the 

detection platform can be used for the screening of cells of different sizes and shapes. This 

was not possible with the previous platform, as when it was used to screen small cells, such 

as Nannochloropsis gaditana, a large fraction of them (as high as 43 %) would pass by the 

sides of the laser beam undetected. 

Through chlorophyll fluorescence detection and screening, droplets containing Pt cells were 

successfully sorted from empty droplets, showing that the FADS platform can be used to 

overcome the issue of the random encapsulation of the cells in droplets, improving the 

efficiency of any further screening experiments. Due to the improved accuracy of the 

fluorescence detection, false negatives were eliminated, minimising the loss of cells during 

the sorting procedure.  

Besides chlorophyll fluorescence, the FADS platform was also used to detect GFP fluorescence 

and to successfully sort GFP-expressing Pt cells from a mixture with wild type Pt cells. GFP is 

frequently used as a transformation marker in transgenics, to determine whether the cells 

have been successfully transformed. Due to the low efficiency of the current cell 

transformation processes, reliable methods are required for the identification and recovery 

of the transformed cells. The FADS platform could be used for the high throughput sorting of 

transformed cells from wild type cells. When used in this context, some time-consuming steps 
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in the traditional transformation workflow can be bypassed and the time needed to identify 

and confirm stably expressing transformants can be reduced from 6 - 7 weeks to 4 weeks.172 

A major limitation of the FADS platform, noted during this work, was that the collection and 

handling of small volumes of droplets was hard to achieve, resulting in the loss of several 

droplets during the post-sorting collection process. Consequently, sorting experiments had to 

be run for longer times to ensure that a sufficient number of droplets were collected and, 

while enriched cell subpopulations were obtained, there was no method to manually select 

specific cells of interest. This limitation was addressed in this thesis through the application 

of droplet dispensing technology. In a proof-of-concept experiment, the Cyto-Mine Single Cell 

Analysis and Monoclonality Assurance System was used to sort GFP-expressing Pt cells from 

a mixture with wild type Pt cells. After the end of the sorting procedure, images of the 

collected droplets were obtained to determine their cell occupancy and the droplets 

containing GFP-expressing cells were dispensed off-chip one-by-one to the wells of 96- and 

384-well plates. The cells were cultured in the well plates for 4 weeks and monoclonal cell 

cultures were obtained with a 60% success rate. By applying an off-the-shelf that has been 

successfully launched to the market, it was demonstrated that the combination of droplet 

sorting and dispensing can be efficiently used for single cell handling and the selection of 

specific cells of interest. This is a real advantage, as it enables the screening of mutagenized 

libraries of cells and the selection of potentially rare cell clones from a cell sample. Combining 

automated droplet dispensing with our optimised droplet sorting platform would therefore 

be a useful next step in the development of our own algal biotechnology platform. It would 

put our platform at the same level as other state of the art systems which combine droplet 

sorting with droplet dispensing for cell selection.115,116 

While the GFP fluorescence of the transformed Pt cells could be detected by Cyto-Mine, the 

system did not possess the appropriate emission filter to detect the chlorophyll fluorescence 

of the cells. To expand the range of experiments on algal cells which can be performed by the 

instrument, an emission filter should be added for chlorophyll fluorescence detection. In the 

meantime, through GFP fluorescence detection, mutants with higher GFP fluorescence could 

be identified and isolated using Cyto-Mine. Additionally, in future experiments, the GFP 

fluorescence of the dispensed cells could be tracked as they grow on the well plates, to 

determine whether GFP expression remains constant over time. 
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In a separate investigation, Pt cells encapsulated in microdroplets were stained with BODIPY 

505/515 to identify and screen cells with higher lipid content. Algal lipids are a valuable 

resource, because they can be used in the production of biodiesel, one of the most promising 

biofuels available in the market. Furthermore, certain algae contain large amounts of high 

value lipids and fatty acids, such as the omega-3 fatty acids EPA and DHA, which are a highly 

beneficial part of human diet and are used in nutritional supplements.21,254  

A major challenge in using a lipophilic dye, such as BODIPY 505/515, in droplet microfluidics 

is the tendency of the dye to leak out of the aqueous droplets and into the oil surrounding 

them, as well as into PDMS, resulting in a decrease in the stained cell fluorescence over time 

and in a significant increase in the background fluorescence. To prevent this decrease in the 

fluorescence of the stained cells, the cells were initially encapsulated in microdroplets using 

FC-40 with 1% Picosurf 1 surfactant as the continuous phase and they were then transferred 

to a solution of BODIPY 505/515 in the same oil so that they could be stained. The BODIPY 

505/515 fluorescence of the stained droplets was detected with the laser sheet platform. The 

possibility of BODIPY 505/515 leakage into PDMS was addressed by the substitution of the 

PDMS microfluidic device, usually used for fluorescence detection, with a cyclic olefin 

copolymer microfluidic device. Unfortunately, quantitative measurement of the cell 

fluorescence was not possible due to the high fluorescence background caused by BODIPY 

505/515 dissolved in the oil surrounding the droplets. Several experimental parameters were 

modified in an effort to reduce the background fluorescence. The optimal conditions 

identified through this effort were the incubation of the droplets in 30 μM BODIPY 505/515 

solution in FC-40 for one day, then reinjection of the droplets for fluorescence detection using 

FC-40 as spacing oil. However, this method of cell staining was not reliable, and the 

fluorescence emitted by the cells was still weak in comparison to the background 

fluorescence. Furthermore, this staining method was very slow in comparison to the standard 

protocols used to stain algal cells with BODIPY 505/515 in bulk, which require less than 10 

minutes.186,200,204  

To alleviate the problem, a new cell staining method was successfully developed using 

micelle/hydrogel composite beads loaded with BODIPY 505/515. Positively charged PMMA – 

block – DMAEMA micelles loaded with BODIPY 505/515 were generated. The micelles were 

then incorporated in a hydrogel formed by the reaction between CMC-SH and a PEG 
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crosslinker to form micelle/hydrogel composite microbeads. The micelles were bound to the 

hydrogel through electrostatic interactions with the carboxyl groups of CMC-SH. The 

composite beads were then mixed and incubated with Pt cells to stain them and the success 

of this new staining method was assessed with fluorescence microscopy and flow cytometry 

measurements. Specifically, the flow cytometry measurements showed that Pt cells could be 

stained by the beads within 30 minutes and that the beads could also be used to stain other 

cells types, such as Ng cells. The cells could still grow after the staining by the beads and fresh 

cells cultures could be obtained. 

An alternative approach to loading the micelles to the hydrogel beads was examined to 

reduce the loss of BODIPY 505/515 during the bead preparation process. According to this 

approach, the micelles could be loaded onto the beads after their transfer to the aqueous 

phase. Unfortunately, the distribution of the micelles in the beads after this loading process 

was uneven, with most of the micelles being concentrated on the outer surface of the beads. 

Further work is required to achieve uniform distribution of the micelles in the beads. A 

possible way to ensure that the micelles can penetrate deeper into the hydrogel beads is to 

increase the pore size of the hydrogel by adjusting the cross-linking density. Once this loading 

method is optimised, it should, as an additional advantage, enable the recharging of the beads 

with BODIPY 505/515 after each use, ensuring that the beads can be reused multiple times 

for staining. This should eliminate the need to generate fresh beads for each staining 

experiment, resulting in a significant reduction in labour and in research cost. 

The micelle/hydrogel composite beads were also co-encapsulated with Pt cells in 

microdroplets to test whether this was a possible way to keep the encapsulated cells stained 

with BODIPY 505/515 for a longer time. For this to be achieved, the rate at which the dye is 

transferred from the beads to the cells must be equal to the rate at which the dye leaks out 

of the droplets. Unfortunately, in the experiments performed to test this theory, the rate at 

which the dye was transferred from the beads to the cells was too slow. Further work is 

required to increase the release rate of BODIPY 505/515 from the beads and to decrease the 

rate at which the dye leaks out of the droplets. Some possible ways to achieve these changes 

is by modifying the composition of the micelles or by switching to a different encapsulation 

oil. 
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Overall, despite the difficulties faced in the detection of the lipid content of algal cells, the 

FADS platform has been further optimised during this project and it can now be efficiently 

used to study other types of fluorescence, such as GFP or chlorophyll fluorescence, which are 

very significant in algal research. Furthermore, multiple types of fluorescence can be detected 

at the same time. While this was demonstrated for dual BODIPY 505/515 and chlorophyll 

fluorescence detection, it can also be applied to detect GFP and chlorophyll fluorescence and, 

with the selection of the right optical filters, it can be extended to the detection of other types 

of fluorescence. As such, some of the requirements about the microfluidic platform, that were 

set in section 1.3, have been met. The platform can now generate more quantitative and 

reproducible experimental results and the range of experiments that can be performed with 

the platform has also been expanded. At its current state, the platform is not straight-forward 

to use for people that don’t have the proper training, as careful control of some experimental 

parameters is required for its operation. Making the platform more accessible to non-

specialists was not within the scope of this thesis, however, it could be achieved by directing 

future efforts towards the automation of some experimental processes, such as the sample 

injection to the microfluidic device or the gain adjustment during sorting, so that less input is 

required by the user.   

While other efforts have been made by researchers to develop droplet-based platforms for 

use in algal research,83,129-134,191 these platforms are not yet at a stage where they can be 

widely used by non-specialists. Most of these platforms are limited to the monitoring of cell 

growth in droplets and the measurement of cell fluorescence with fluorescence 

microscopy.129-134 Kim et al.191 developed a droplet-based screening platform, similar to the 

one described in this thesis, which was capable of identifying faster growing and lipid-rich C. 

reinhardtii lines from an ethyl methanesulfonate (EMS)-mutagenized population. Eight strains 

showing faster growth and higher lipid content were identified by combining chlorophyll 

fluorescence detection with BODIPY 505/515 staining and screening. However, the platform 

had a very low optical analysis throughput (5 Hz) and it was unclear whether the platform was 

sensitive enough to pick up fluorescence intensity differences at the single cell level. 

Furthermore, the platform was complex, with multiple droplet operations taking place on one 

chip and a large number of parameters that had to be carefully controlled. This made the 

operation of the platform complicated. 
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With our platform now established, it is possible to achieve the transition from mainly proof-

of-concept experiments on algal cell fluorescence detection to targeted experiments aimed 

towards answering specific biological questions. Future experiments could take advantage of 

the unique feature of droplets microfluidics which makes it distinct from other analytical 

methods: the ability to control and study both the encapsulated cells and their 

microenvironment. A range of experiments can be performed only in droplets, such as the 

detection of chemicals secreted from the algal cells or the co-culture of microalgae with 

symbiotic bacteria. The FADS platform can be used in such experiments to identify cell strains 

or experimental conditions that might be promising for larger scale investigation.   
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APPENDIX 

Device A 

 

AutoCAD design of the flow-focusing droplet generation device used for cell encapsulation. 

Dimensions at the flow-focusing region: 40 μm x 40 μm x 25 μm (length x width x height), for 

experiments in Chapters 2 and 3, 40 μm x 40 μm x 50 μm (length x width x height) for 

experiments in Chapter 4. 
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Device B 

 

AutoCAD design of the microfluidic device used for droplet sorting. Microfluidic channel 

dimensions at the fluorescence detection point: 60 μm width x 50 μm height. 
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Device C 

 

AutoCAD design of the microfluidic reservoir device that was coated using the sol-gel 

method and used for droplet BODIPY 505/515 fluorescence monitoring over time. Reservoir 

height 75 μm. 

 

  

h = 75 um 
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Device D 

 

AutoCAD design of the microfluidic device with two flow-focusing modules that was used for 

hydrogel and micelle/hydrogel composite bead generation. Dimensions at the flow focusing 

regions: 100 μm x 100 μm x 150 μm (length x width x height). A device of the same design 

was used for the co-encapsulation of beads and cells in microdroplets (device dimensions 100 

μm x 100 μm x 75 μm (length x width x height) at the flow-focusing region). 
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Device E 

 

AutoCAD design of the microfluidic device that was used for the generation of 40 μm diameter 

hydrogel beads. Dimensions at the flow focusing region: 25 μm x 25 μm x 25 μm (length x 

width x height). 

 


