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Abstract

Brain disorders, such as epilepsy and Alzheimer´s disease, are becoming more prevalent in the
general population. However, no adequate treatments or therapies are currently available, due to
a lack of understanding of the underlying mechanisms. Since conventional research methods, such
as animal models and 2D tissue cultures, do not capture the complexity of human physiology, new
methods are needed to study the human brain.

Therefore, brain on a chip technology is currently being developed at Eindhoven University
of Technology, in order to obtain more knowledge about the physiology of both the healthy and
diseased human brain. The goal is to create a chip in which human neuronal cells can be cultured
in a 3D configuration and under physiological conditions, while they can be analyzed using both
optical and electronic measurement methods. One of the main challenges is to engineer a system
that promotes the formation of a physiologically relevant neuronal network, while retaining the
controllability, observability, and reproducibility of organ-on-a-chip technology.

In this thesis, a novel approach to control the spatial distribution of neuronal cells is presented,
based on the encapsulation of single cells in hydrogel beads and subsequent bead self-assembly to
create an organized three-dimensional (3D) tissue.

In order to achieve single cell encapsulation, a microfluidic flow-focusing chip with integrated
temperature control was engineered, in which cells can be encapsulated in Matrigel droplets with
a dispersity of below 3%. Cell encapsulation took place at a temperature below 4°C, after which
bead gelation was initiated by transporting the droplets to a region at 37°C on the same chip.
The cells are shown to survive the encapsulation process, and remain viable over at least 9 days,
as shown by live/dead cell staining. Moreover, the cells retain their potential for differentiation
inside the Matrigel beads, as indicated by the formation of neurites and inter-cellular connections
in the established 3D cultures. The cells also stained positively for the neuron specific protein
β-tubulin III. Organization through self-assembly of the manufactured beads was demonstrated
inside oil, and recommendations are provided for microfluidic approaches to achieve self-assembly
in cell culture medium.

In future work, the method can be applied in the 3D bioreactor for neuronal cell culture that
is currently under development, aiming to enhance the experimental reproducibility, facilitate the
formation of a 3D spatially standardized neuronal network, and enable more advanced co-culture
brain models. Additionally, the method can be applied to create spatial organization in other
organ-on-a-chip applications.
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Preface

The more comfortable we become with
being stupid, the deeper we will wade
into the unknown and the more likely we
are to make big discoveries.

Martin A. Schwartz

When I was younger, I always wanted to be an inventor, dreaming of big machines, rockets, and
airplanes. There is an audio recording from me in my youngest days, where I’m trying to explain
to my mother – she was very patient with me – that the universe is infinite. I believe I was still in
primary school at that time, and feeling very smart. I also knew perfectly well what rockets were
made of: Dingetjes, dangetjes, en dongetjes, which roughly translates to stuff, staff, and stoff.
Needless to say, I was well prepared for a scientific career.

Now, about two decades later, I can proudly present you this thesis, which is the fruitful result
of many months of hard work. During my endeavor, I’ve spent countless days in the microfab
lab, trying to develop new technology and answer difficult questions. I also encountered seemingly
simple questions, such as “What is this gooey mess?”, or “How do I get this thing watertight?”.
Not being able to directly answer these questions made me feel very stupid at times, but eventually
– and with support from my amazing colleagues – I always managed to find some solutions that
worked. And that’s the key reason I have also thoroughly enjoyed myself; I got to play around
with high-tech machinery in the lab, mess up, try again, and eventually achieve something new.

Of course, I wouldn’t be here today if it wasn’t for the support of many people. Firstly, I’d like
to thank Jaap den Toonder, Regina Luttge, and Alex Bastiaens, for their excellent supervision
and for giving me the opportunity to work on this interesting project. I’d also like to thank my
other colleagues for their support, interesting discussions, and encouragement during my time in
the lab. I am looking forward to continue to work with all of you in the Microsystems group.

I would also like to thank my family, girlfriend, and friends for always supporting me. I would
probably have perished in the lab if you hadn’t occasionally told me to relax a bit more. In
honor of my father, who would have been immensely proud of me, I have included one of his most
beautiful poems on the next page.
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Laatste reis

Ik weet niet hoe het zijn zal in die dagen
wanneer ik scheep ga voor de laatste reis:
zal dan mijn schip de laatste storm verdragen
en landen aan Gods eeuwig paradijs?

Want ik weet niet hoe lang de tocht zal duren
en welke haven ik voorgoed verlaat.
Zal ik dan zwijgend in de verte turen
en alles wat ik schreiend achterlaat

niet zachtjes langs de reling horen klagen,
of zal de wind, hoog gillend in de mast,
alleen de stem van storm en branding dragen
waarin mijn ziel zich van zijn angst ontlast?

Neem mij, heer God, het roer dan maar uit handen
en laat me zingend op de voorplecht staan;
dan zal mijn schip niet op de rotsen stranden
maar veilig in Uw haven binnengaan.

Freerk Jan Sleeboom
In de naam van de vader
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Chapter 1

Introduction

Neurological disorders that arise from disruptions of the brain cellular network, such as epilepsy
and Alzheimer’s disease, are becoming more prevalent in the general population [1, 2]. However,
no adequate treatments or therapies are currently available, due to a lack of knowledge about the
underlying mechanisms. Therefore, new strategies for investigating these mechanisms are required.

In a healthy brain, cognitive functions arise from coordinated interactions between large num-
bers of interconnected cells, distributed over specialized regions in the brain [3]. An adult male
human brain contains approximately 86.1 billion neurons, and 84.6 billion non-neuronal, support-
ive cells [4], such as astrocytes, microglia, and oligodendrocytes. Neurons constitute neuronal
networks, and can receive and send signals through extensions from their cellular membrane, re-
ferred to as dendrites and axons. Signals are transferred between neurons via neurotransmitters
in synapses, where axons and dendrites connect. Astrocytes are a type of glial cell, responsible for
maintaining homeostasis in the brain, but also involved in the regulation of neuronal interaction
[5]. Microglia are the immune cells of the central nervous system, also thought to be involved
in the shaping of cellular networks [6]. Oligodendrocytes are mainly responsible for electrically
insulating axons to increase signal propagation speed, by enveloping them in a myelin sheath [7].

When the intricate network in the brain is disrupted, breakdown of the coordinated inter-
actions required for normal brain functionality can lead to a number of diseases. For epilepsy,
disruption of interactions between neurons can lead to seizures, characteristic for this disorder.
Although generally, epilepsy is viewed as caused by excessive synchronization of firing neurons,
recent findings indicate that more complex changes in synchronization of interacting neurons are
the underlying causes of seizures [8]. Alzheimer’s disease, one of the most common causes of de-
mentia, is a neurodegenerative disease that is characterized by the buildup of protein plaques and
breakdown of myelin sheaths. As a result, neuronal cells are damaged and the propagation speed
of electrical signals is reduced, disrupting the normal communication between neurons [9].

It is clear that in order to gain a deeper understanding of the mechanisms that lead to these
disruptions, studying cellular interactions in neuronal networks is essential. Currently, the most
common research tools for studying the brain are animal models, brain slice cultures, and 2D
neuronal cell cultures. Animal models for disorders such as epilepsy [10] and Parkinson’s disease
[11] have greatly contributed to our knowledge and the development of therapeutics. However,
the translation of data from animal models to human biology is limited [12]. Newly developed
epilepsy models, for instance, did not contribute to the development of more effective treatments
[13]. Moreover, animal models are very expensive, which is illustrated by the estimated $330,000
cost of pre-clinical drug testing for just one compound [14].

Brain slice cultures have been employed for studying stem cell therapies for neurological dis-
orders [15], and for studying development of epilepsy in the brain [16]. These cultures are es-
tablished from live tissue, and can be kept alive for several weeks. The main advantages over
animal models are the reduced cost and the increased ability to measure molecular and cellular
processes at the small scale, while retaining the in vivo tissue characteristics. However, in these
cultures the viability of neurons decreases over time, while other cells, such as microglia become
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highly proliferative. This changes the cellular composition, reducing the representativeness of the
slice for in vivo physiology. Additionally, since these cultures are established from variable living
sources, there is a need for many experiments to gain statistical significance. The most important
limitation, however, is that brain slices offer no control over the local environment, such that no
systematic variation of environmental factors is possible [17].

Two-dimensional (2D) neuronal cultures have been employed to overcome some of the issues
associated with the previously described methods, providing a basis for systematic variation of
environmental factors, and reducing variability. Moreover, culturing cells in vitro enables the
integration of components that facilitate measurements at the cellular level. These planar cultures
have for instance been used to evaluate the impact of several drugs on the electrophysiology of a
randomly formed network of dissociated cortical neurons, measured using a microelectrode array
[18].

A key challenge in these in vitro models is the application of the right environmental cues
to not only elicit network formation, but also control it. During brain development, neurites are
guided by different cues, such as diffusible growth factors, substrate-bound factors, electrical and
magnetic fields, and topological features [19, 20]. By incorporating such factors in the culturing
system, network formation can be guided. For example, spatially controlled network formation has
been achieved through local micropatterning of the culture substrate with an adhesion promoting
material, such that reproducible measurements of neurotoxicity could be performed [21].

The main limitation of these 2D cultures, however, is the fact that these models generally
do not fully recapitulate in vivo cell behavior, which is related to the difference in adhesive,
topographical, mechanical, and soluble cues the cells are exposed to. In vivo, neuronal cells reside
in a three-dimensional (3D) soft extracellular matrix (ECM), while in 2D they reside on a flat
surface with typically high stiffness [22]. An illustration of the enormous impact on neuronal cells
is the differential expression of over 1700 genes in a 3D collagen gel as opposed to planar culture
conditions [23]. Thus, 3D brain tissue models are essential for studying cellular interactions in a
physiologically relevant context. However, directing the formation of a neuronal network in 3D is
more challenging.

Several different approaches have been investigated for directing the cellular growth, distribu-
tion, and alignment in 3D neuronal cultures. For instance, the growth of primary cortical neurons
was guided in 3D by an organized packing of spherical silica beads. Additionally the developed
tissue was connected to a 2D microelectrode array (MEA), such that the different electrophysiolo-
gical properties of 3D networks as opposed to 2D networks could be assessed [24]. Another example
is the use of nanostructured superhydrophobic substrates to direct 3D neuronal growth in a sus-
pended culture [25]. However, despite the 3D conformation of the formed neural networks, these
approaches still do not accurately mimic the ECM that cells normally reside in.

Therefore, multiple researchers have developed methods to direct neuronal cell development
and network formation in 3D scaffolds that mimic the ECM. For instance, a 3D scaffold that mimics
the mechanical properties of the ECM has been developed for culturing primary hippocampal
neurons [26]. Other methods rely on the 3D structuring or patterning of hydrogel materials
whose properties resemble those of the ECM. For example, protein fiber alignment in Matrigel,
achieved through gelation under continuous flow, was used to direct neurite outgrowth [27]. In
other work, a micropatterned hydrogel matrix, containing both growth permitting and growth
inhibitive materials, was used to direct axonal outgrowth [28]. For control over the distribution of
neuronal cells, a microchanneled bi-modal hydrogel was employed, enabling control over cellular
spacing in one direction [29].

Despite these advances in controlling network formation in 3D cultures, some important chal-
lenges still remain. First, the increased complexity of 3D tissue models has reduced the experi-
mental reproducibility, which is essential for generating reliable data [30]. Second, the distribution
of cells throughout a 3D culture can greatly influence the formation of a network, but control over
the position of individual cells is yet to be achieved.

Therefore, the main challenge addressed in this work is to engineer a system that promotes
the formation of a physiologically relevant neuronal network in an ECM mimicking hydrogel,
while retaining reproducibility by controlling the 3D spatial distribution of neuronal cells. In
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order to tackle this challenge, a novel approach to control the 3D spatial distribution of neuronal
cells is presented, based on the encapsulation of single neurons in hydrogel beads and subsequent
self-assembly of these bead to create an organized 3D tissue. By tuning the dimensions of the
self-assembling beads, the spacing between individual neurons can be controlled.

1.0.1 Project goals and outline

The main aim is to develop an approach for spatially organizing neurons in a 3D cell culture, by
encapsulating single neuronal cells into monodisperse hydrogel beads, and using the self-assembling
properties of these spherical beads to create a 3D tissue (Figure 1.1). This technology is developed
for future use in a bioreactor, originally developed by B. Schurink and R. Luttge [31], which is
currently being further developed at Eindhoven University of Technology. The main aim of this
reactor is to provide an appropriate microenvironment for 3D culture of neuronal cells, while
facilitating electrical measurements using a microelectrode array (MEA) [32].

Currently, cells from the SH-SY5Y neuroblastoma cell line are used in the bioreactor. These
cells can be differentiated into neurons by applying external chemical cues. When the cells are
differentiated, neuron specific markers are expressed, such as β-tubulin III, which is a cytoskeletal
component [33]. Additionally, the SH-SY5Y cells can become electrically active [34]. The ad-
vantages of using this cell line is that large numbers of cells are readily available, as opposed to
primary neurons, which have to be isolated prior to each experiment.

The 3D culture of SH-SY5Y cells in the bioreactor is established in growth-factor reduced
Matrigel, a solubilized basement membrane preparation extracted from mouse sarcoma. This
matrix material has a stiffness between 200 and 500 Pa, which is comparable to brain tissue [32].
Using Matrigel, successful 3D cultures have been established, in which SH-SY5Y cells could be
induced to differentiate and form networked structures, with a cell morphology similar to in vivo
neurons. The same hydrogel material and cell line is used in this thesis, because of the described
advantages, and in order to facilitate future integration of the developed technology.

B

C

A

D

Matrigel
oil
cells
medium

Figure 1.1 – Schematic overview of the proposed technology: Microfluidic generation of Matrigel
beads (A), microfluidic encapsulation of SH-SY5Y cells in Matrigel beads (B), self-assembly of the
beads (C), and a spatially organized neuronal culture from encapsulated SH-SY5Y cells (D).

Several sub-goals are defined to develop the spatially organized culture (Box 1). First, a
microfluidic system has to be developed that can generate monodisperse Matrigel beads. The
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temperature of this device has to be controlled in order to achieve this, since Matrigel is liquid
only at low temperatures [35]. Second, single SH-SY5Y cells have to be encapsulated in Matrigel
beads, while retaining their viability and differentiation potential. Third, using the self-assembling
properties of spherical particles, the beads have to be assembled in an organized 3D stacking. Com-
bined with the encapsulation of cells, this should facilitate the formation of a spatially organized
neuronal culture, that is able to form a network.

BOX.1: The aims of this project.

1. Develop a temperature control method for a microfluidic droplet generator
2. Implement the developed temperature control method in a microfluidic device that can
generate monodisperse Matrigel beads.
3. Achieve single-cell encapsulation in monodisperse Matrigel beads of live SH-SY5Y cells.
4. Assemble the encapsulated cells into an organized and viable culture, that can form a
network.

The structure of this thesis reflects the defined sub-goals: First, relevant theoretical background
on physics at the microscale and an overview of relevant microfluidic technologies is provided in
chapter 2. Using the information from this chapter, the microfluidic device to achieve the first
three sub-goals is designed in chapter 3. The design is then separately assessed with respect to
the first three goals: The developed temperature control method is validated in chapter 4, the
generation of monodisperse Matrigel beads is tested in chapter 5, and the encapsulation of single
SH-SY5Y cells is tested in chapter 6. Next, the final goal is treated in chapter 7: Assembling
a spatially organized, viable, differentiated, and network forming cell culture. Finally, the main
conclusions of this work are presented in chapter 8, along with recommendations for future work
on the spatial organization of cells through encapsulation.
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Chapter 2

Microfluidics: Relevant
background and theory

Microfluidics – the science of manipulating fluids at the micrometer scale – has found its way into
many biological applications over the past few decades, such as DNA amplification by polymerase
chain reaction (PCR) [36, 37, 38, 39], directed evolution of enzymes [40, 41], single-cell analysis
[42, 43, 44], and tissue engineering [45, 46]. The main reason for this trend towards small scale
systems is the unprecedented level of control over flow parameters, such as pressure, temperature,
shear stress, and concentration, that is achievable in microfluidics. This useful property arises
from the fact that the physics of fluids at this scale are dominated by different forces than at a
macroscopic scale, resulting in predictable and controllable fluid behavior.

Apart from the achievable level of control, some other properties of microfluidic technology
make it an excellent tool for biological research. First, microfluidic systems inherently work with
small volumes, which is an advantage for working with samples that are either very costly or only
available in small volumes, as is the case in most biological applications. Second, the fabrication
methods used to produce microfluidic systems, originating from the microelectronics industry,
enable the integration of a multitude of measurement techniques into the same microfluidic device,
such as optical, electrical, and magnetic methods. Finally, microfluidic systems operate at similar
length scales as biological systems, such that for example physiological mass-transport properties
and biomechanical stresses and strains can be accurately replicated. This enables the creation
of in vitro tissue models, in which live cells are cultured in an environment that provides the
physiologically relevant cues to elicit recapitulation of the function and behavior of the in vivo
tissue it represents.

One of the microfluidic technologies that has gained considerable attention is droplet micro-
fluidics, which is based on high-throughput generation and handling of droplets as isolated sample
containers. These droplets can be generated at high rates and with low dispersity, and used, for
example, for isolated (bio-) chemical reactions or directed evolution. In the context of this thesis,
the main focus will be on the use of droplet microfluidics for cell encapsulation.

In this chapter, physical principles that are relevant to microfluidic systems are discussed in
section 2.1, after which a more in depth review of droplet microfluidics is provided in section
2.2. Next, cell encapsulation methods are reviewed in section 2.3. Finally, temperature control
methods for microfluidic systems are discussed in section 2.4.

2.1 The physics of microfluidics

Physical principles at the microscale relevant to cell encapsulation are discussed in this section.
This includes the physical mechanism behind laminar flow in microfluidic systems, and the im-
portance of interfacial forces. Additionally, diffusion at the microscale is briefly discussed. This
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section is by no means exhaustive. For a complete overview of the physics relevant to all micro-
fluidic systems, the reader is referred to more extensive reviews in literature [47, 48].

2.1.1 Viscous forces and flow

As stated before, different forces dominate the behavior of fluids at the micro-scale. One of the
main differences is the relative influence of viscous and inertial forces on fluid flow. The importance
of inertial forces relative to viscous forces can be estimated by evaluating the dimensionless Reyn-
olds number (Re), shown in equation 2.1. Here, U is the characteristic velocity, L the characteristic
length, ν the kinematic viscosity of the fluid.

Re =
UL

ν
, (2.1)

Re can be derived from the dimensionless incompressible Navier-Stokes equation, as shown in
equation 2.2, where ~u∗ is the dimensionless local velocity vector, t∗ the dimensionless time, and
p∗ the dimensionless pressure.

∂ ~u∗

∂t∗
+ ~u∗ · ∇ ~u∗ = −∇p∗ +

1

Re
∇2 ~u∗ (2.2)

Due to the small length scales in microfluidics, Re is typically in the low O(10−6)−O(10) range,
indicating that the fluid flow is dominated by viscous forces [48]. As a result, fluid flow is almost
always laminar in microfluidic systems, and therefore highly predictable.

Solving the Navier-Stokes equation for a microfluidic channel yields the velocity field as a
function of the pressure difference over the length of the channel, which can be integrated to yield
the relation between pressure and flow-rate (Q). For a circular channel with radius R and length
L, transporting a liquid with dynamic viscosity µ, this solution is shown in equation 2.3.

∆p =
8µLQ

πR4
(2.3)

This equation can also be written as in equation 2.4, where Rh is the hydraulic resistance of the
channel. This is the generalized form of the relation between pressure and flow-rate for laminar,
low Reynolds number flow, in which the hydraulic resistance depends on the fluid viscosity, and
channel dimensions. For channels with circular cross-section, Rh can be derived from equation
2.3: Rh = 8µL/πR4.

∆p = Rh ·Q (2.4)

Equation 2.4 is very similar to Ohm’s law (U = I ·R), which describes the relation between electric
potential U , electrical resistance R, and current I. Using this analogy, the pressure differences
and flow-rates in large and complex microfluidic circuits can be computed using the same laws for
parallel and serial connections in electrical circuits.

However, most microfluidic devices contain square or rectangular channels, due to the fabric-
ation methods that are used to manufacture them. For high aspect ratio rectangular channels,
the hydraulic resistance can be approximated using Rh = 12µL

wh3 , where h is the channel height
and w the channel width, which is valid for h << w. For square and low aspect ratio (w = h)
rectangular channels, expressions for the hydraulic resistance and velocity (u) have been derived
analytically, as shown in equations 2.5 and 2.6 [49].

Rh =
12µL

wh3

[
1− h

w

(
192

π5

∞∑
n=1,3,5,...

1

n5
tanh

(nπw
2h

))]−1
(2.5)

u(x, y) =
16a

µπ3

(
−dp
dz

) ∞∑
n=1,3,5,...

(−1)
(n−1)/2

[
1− cosh(nπy/2a)

cosh(nπb/2a)

]
× cos(nπx/2a)

n3
(2.6)
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In equation 2.6, a and b refer to half the channel height and width (Figure 2.1 A). Using this
equation, the velocity distribution throughout the channel cross-section can be computed (Figure
2.1 B).

A

a a

b

b

x

y B

Figure 2.1 – The dimensions of a rectangular channel (A), and an example of the velocity distribution
for a 100x500 µm channel subject to a flow-rate of 3 µL/min, calculated using equation 2.6 (B). The
ratio between the x and y axes is not to scale.

2.1.2 Interfacial effects

At the microscale, the ratio between surface area and volume can be several orders of magnitude
higher than at the macroscopic scale, such that the relevance of all surface effects increases relative
to the bulk fluid properties. This includes all types of interfaces between solids, fluids, and gases.
The interaction between water molecules and a solid surface, for instance, determines the contact
angle of a water-air interface inside a microchannel. When this angle is less than 90°, the surface
is referred to as hydrophilic or wall-wetting, and the surface tension at the water-air interface can
physically force the water interface forward in a microchannel. This mechanism is referred to as
capillarity, and can be used to passively fill a microchannel, without providing an external driving
force.

In this context, both the properties of the solid and the liquid can have an enormous influence.
If the surface is rendered hydrophobic, for instance, the interface curves in the opposite direction.
This causes the capillary effect to change direction, forcing the liquid out of the microchannel.

Fluid motion at the microscale as a result of capillarity is determined by the interplay between
viscous and interfacial forces. The relative importance of surface tension relative to viscosity can
be estimated using the capillary number (Ca) given in equation 2.7, where µ is the dynamic
viscosity of the fluid, U the characteristic velocity, and γ the interfacial tension between the two
phases.

Ca =
µU

γ
(2.7)

Naturally, the physical properties of interfaces are highly relevant to droplet generation, since this
involves their deformation and breakup. This is discussed in more detail in section 2.2.

2.1.3 Diffusion and mixing

An effect of the laminar flow at the microscale is that there generally are no convective mechanisms
to induce mixing, as opposed to the chaotic, turbulent mixing mechanisms present at the macro-
scale. This means that mixing in microfluidics is dominated by diffusion. Since this mechanism is
typically slow, driven by Brownian motion, concentration gradients within microchannels tend to
have a long lifespan.
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The importance of convection relative to diffusion can be estimated using the dimensionless
Péclet number, defined in equation 2.8, where U is the characteristic velocity, L the characteristic
length, and D the mass diffusion coefficient.

Pe =
UL

D
(2.8)

A high Péclet number (Pe) indicates that convection is dominant over diffusion. When this is the
case, mixing is typically very slow, due to the lack of turbulent mixing mechanisms in laminar
flow. This enables the presence of two co-flowing streams in which virtually no mixing occurs. By
tuning the flow-rate and channel dimensions, the relative influence of convection can be modified,
which enables the controlled generation of precise concentration gradients.

2.2 Droplet microfluidics

In microfluidics, a wide range of techniques for the generation and manipulation of droplets are
available. Most commonly, monodisperse droplets are generated in passive nozzles with flow-
focusing, co-flowing, or T-junction geometries (Figure 2.2). All of these methods are referred to as
passive droplet generation methods. They rely on the flow field to deform the interface between
two phases and promote the growth of interfacial instabilities, leading to the breakup of a fluid
stream into droplets. Since flow-focusing enables a larger flexibility in droplet size tuning, this
method is used for cell encapsulation, and discussed in more detail in this section. For more
information regarding co-flowing, T-junction, and other droplet generation methods, the reader is
referred to more elaborate reviews of droplet microfluidics [50, 51, 52].

A B C

Figure 2.2 – Schematic images of the most common microfluidic droplet generators: Flow-focusing
(A), co-flowing (B), and T-junction (C) geometries.

In a microfluidic flow-focusing droplet generator, first implemented by Anna et al. [53], both
the dispersed and continuous phase are forced through an orifice. The continuous phase flows
from two channels on either side of the dispersed phase, enveloping the center dispersed phase
fluid stream. In this region, both phases are subjected to large elongational flow, drawing the
inner fluid into a jet that breaks up into droplets. In order to prevent droplet coalescence in the
downstream channel, interface stabilizing surfactants are generally added to the continuous phase.

Several droplet generating regimes have been reported, of which the dripping and jetting
regimes are the most common. The dripping regime (Figure 2.3 B) is characterized by droplet
breakup very close to the flow-focusing contraption, generating highly monodisperse droplets that
have a size similar to the orifice width. The jetting regime (Figure 2.3 C) is characterized by the
formation of a long jet that breaks up further downstream, typically creating more polydisperse
droplets.

In both regimes, the process is dependent on a number of fluid parameters, such as the viscos-
ities, the flow-rates, and the surface tension at the interface. Moreover, the geometry and surface
properties of the flow-focusing orifice have a large influence on the generation process. However,
no model exists that can reliably predict the droplet size and generation frequency as a function
of the flow parameters and device dimensions [51]. Fortunately, many experimental and numerical
studies have been performed to obtain scaling laws, based on the dominant physics in each regime.
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Figure 2.3 – The dimensions of a typical flow-focusing device (A), and schematic representations of
two common droplet generation regimes: Dripping (B), and jetting (C).

It is common to evaluate droplet breakup as a function of the flow-rate ratio φ = Qc/Qd
and a modified capillary number (Cam), where Qc and Qd are the volumetric flow-rates of the
continuous and dispersed phase respectively. The modified capillary number, shown in equation
2.9, is based on the viscosity of the continuous phase µo, and the effective elongation rate G =
∆V/∆Z [54]. Here, γ is the surface tension, µo the dynamic viscosity of the continuous phase,
and ∆Z the distance between the dispersed phase channel and the orifice. ∆V is the velocity
difference experienced by the continuous phase: ∆V = Vorifice−Vupstream, where Vupstream is the
average velocity of the continuous phase upstream of the flow-focusing section, and Vorifice is the
average velocity of the continuous phase in the orifice.

Cam =
µoGwd

2γ
=
µo∆V wd

2γ∆Z
=
µowdQc
2γh∆Z

[
1

wor
− 1

2wc

]
(2.9)

In equation 2.9, wor is the width of the orifice, wc the width of the continuous phase channels,
and wd the width of the dispersed phase channel (Figure 2.3 A). Another relevant dimension is the
channel height h. The modified capillary number is independent of the viscosity of the dispersed
phase, since the shearing effect of the continuous phase flow is mostly responsible for drawing out
the dispersed phase.

In the dripping regime (Figure 2.3 B), typically found at low capillary numbers, a combination
of physical mechanisms is responsible for droplet breakup: Rayleigh capillary instability, end-
pinching, and viscous drag. Viscous drag draws out a finger from the dispersed phase liquid,
forming a neck. The Rayleigh instability arises from small perturbations along the neck, that
eventually lead to droplet pinch-off by surface tension. End-pinching refers to the pinching effect
of an increase in pressure around the neck. This increase arises when the dispersed fluid is drawn
into the orifice, limiting the flow of the continuous phase. This causes pressure to build upstream
of the orifice, effectively squeezing the neck. The droplets generated in this regime are roughly
equal to or smaller than the orifice size, depending on the capillary number and flow-rate ratio.
The diameter decreases with increasing capillary number and decreasing flow-rate ratio.

For higher capillary numbers, the dripping regime transitions into the jetting regime (Figure
2.3 C). This occurs when the Rayleigh instability, which normally contributes to droplet pinch-off,
is carried downstream before the disturbances can be amplified. The transition also occurs when
inertial forces become more important than interfacial forces, as indicated by the Weber number
We = ReCa. No exact We limit is known for the transition to the jetting regime in a flow-focusing
device, but in a three-dimensional co-flowing device the transition occurs when the sum of Ca and
We is approximately 1 [55]. The droplets generated in this regime are typically more polydisperse,
as it relies on the more unstable Rayleigh plateau instability. Droplet sizes scale with the product
of the characteristic pinch time and the flow-rate of the dispersed phase [51].

Important to note is that, as mentioned before, fluid-solid interactions can greatly influence
the formation process of droplets. All theory up until now has been focused on the case where the
continuous phase is wall-wetting, causing it to envelop the finger formed by the dispersed phase.
However, when the continuous phase is not wall-wetting, the dispersed phase might adhere to the
wall, disturbing the generation process.

Flow-focusing devices can be operated by either applying a controlled pressure difference over
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the device, or by enforcing a flow-rate, which is typically achieved using a syringe pump. However,
flow-rate control enables more gradual control over the droplet size compared to pressure control
[56].

2.3 Cell encapsulation techniques

Most cell encapsulation techniques are based on the previously discussed droplet generation tech-
nology, by suspending cells in the dispersed phase. However, several important factors have to be
taken into consideration when encapsulating live cells. This includes the (bio-) chemical proper-
ties of the environment and the mechanical stresses the cells are subjected to. These factors are
discussed in a brief review of cell encapsulation techniques and their application. Another import-
ant property of cell encapsulation from suspension is that the distribution of cells throughout the
generated droplets is stochastic in nature, which is discussed in more detail in section 2.3.1. At
the end of this section, and overview table of all discussed encapsulation methods is found (table
2.1).

In high throughput screening applications, cells are generally encapsulated in aqueous droplets,
and maintained for some time. After subjecting them to biochemical factors, such as different
drugs, assays can be performed to test for cell viability, or the presence of a specific compound. A
fluorescent assay for cell viability has for instance been employed in droplets to perform a toxicity
assay on human lymphoblasts. Based on the fluorescent signals, a dose response curve could
be derived using a library of different concentrations of mitomycin C [57]. Other applications
include the screening of antibiotics against bacteria inside microparticles [42], and the screening
and selection of single hybridoma cells for their ability to generate certain antibodies [43].

Especially in this type of screening application, the properties of both the oil and surfactant
in the continuous phase can have a large impact on the survival rate of cells, since cells typically
reside inside the droplets for a significant amount of time. Moreover, proteins can be adsorbed or
denatured by the interface, interfering with the biological processes inside the droplet. Therefore,
much research has focused on biocompatible oils and surfactants, a term that refers to materials
that do not negatively influence cell viability and function.

Traditionally, hydrocarbon oils such as mineral oil and hexadecane are used as the continuous
phase in droplet generators. For this type of oil, many different surfactants are commercially
available. The downside of using hydrocarbon oils is that they are generally not very permeable
to gases, such as oxygen and carbon dioxide, which results in rapid cell death due to the lack of
gas exchange. Additionally, some hydrophobic compounds can phase partition into the oil, which
limits the containing properties of the droplets. These oils are thus not biocompatible when used
for longer term cell cultures in droplets.

Therefore, fluorinated oils have gained considerable attention for cell culturing in droplets.
These oils are highly soluble to gases and insoluble to most organic compounds [58]. The downside
of using fluorinated oils is that only a limited number of fluorosurfactants is commercially available,
all of which have questionable biocompatibility. An example is Krytox (DuPont), which consists
of perfluoropolyether with a carboxylic head group (PFPE-COOH). Through chemical synthesis,
researchers have replaced the carboxylic head group with several alternative groups to improve the
biocompatibility of this commercially available fluorosurfactant. Currently a block-copolymer of
perfluoropolyether and polyethylene glycol (PFPE-PEG) is the most promising fluorosurfactant
in terms of biocompatibility [58]. Alternatively, a block-copolymer of perfluoropolyether and
dimorpholinophosphate (PFPE-DMP) has shown similar biocompatibility and better emulsion
stability [59].

Next to high-throughput screening, another application of cell encapsulation is the controlled
generation of 3D micro-tissues, by encapsulating cells in hydrogel. This is typically achieved by
first encapsulating cells inside droplets of liquid hydrogel, after which solidification of the gel
is induced by some external stimulus. In both flow-focusing and T-junction geometries, several
different hydrogels have been used to encapsulate cells, such as Alginate [60, 61, 62, 63, 64, 65, 66],
Agarose [42, 67], Extracel [68], Puramatrix [66], hPG-PEG [69], and Matrigel [70]. These gels are
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Table 2.1 – Summary of microfluidic cell encapsulation techniques

Method Material Oil / surfactant Cell Types Ref.
Flow-focusing Aqueous solu-

tion
FC-40/PFPE-PEG HL60 [71]

HFE-7500/PFPE-PEG PC9 [44]
FC-40/PFPE-DMP Jurkat cells, HEK293T [59]
n.a./carboxy-PFPE monocytic U937 cells [57]
mineral oil/Span 80 Jurkat cells [72]
HFE-7500/EA surfact-
ant

hybridoma cells [43]

FC-40/PFPE-PEG 2C6 hybridoma cells [73]
Alginate oleic acid/- P19 EC, MCF7, HepG2 [60]

oleic acid/- P19 EC [61]
Hexadecane/Span-80 HeLa cells [63]
Novec 7500/PFPE-PEG 9E10, M6C [62]

Agarose mineral oil/Span80 Escherichia coli cell [42]
Extracel perfluoropentane/PFPE-

PEG
HCT116 [68]

hPG-PEG paraffin oil/- Yeast cells, fibroblasts,
lymphoblasts

[69]

Matrigel HFE-7500/PFPE-PEG RWPE1,MCF10A-GFP [70]
T-junction Aqueous solu-

tion
silicone oil/Span-85 Mouse mast cell mi-

tochondrion, mouse B
lymphocytes

[74]

Alginate corn oil/lecithin Jurkat cells [64]
hexadecane/Span-80 Yeast cells [65]

Agarose mineral oil/Span-80 mES [67]
Alginate,
Puramatrix

mineral oil/Span-80 HepG2 [66]

either synthetic, such as hPG-PEG, or derived from natural proteins, such as Matrigel. Synthetic
hydrogels have the added advantage of full control over their composition and chemistry, while
nature derived hydrogels usually offer a more physiological environment due to the present growth
factors and adhesion proteins. The application of either type is dependent on the type of cell used,
as well as the purpose of the experiment.

The gelation method for hydrogels can also influence cell viability, especially when reagents
are required to induce cross-linking, such as for Alginate. For this gel, Ca2+ ions are used to
induce gelation. However, the methods used to bring Ca2+ ions in contact with the alginate
droplets can adversely affect cells. When Ca2+ ions are introduced in oleic acid, the change in
pH can significantly reduce cell viability. In order to overcome this, a device has been developed
to rapidly exchange the oil after gelation [60]. Another method of introducing Ca2+ ions is
the co-encapsulation of CaCO3 nanoparticles and subsequent exposure to acetic acid. However,
the nanoparticles can physically damage cells when colliding inside the droplet, which has been
solved by introducing a heterogeneous encapsulation approach that separated the cells from the
particles [62]. It is clear that the gelation of droplets introduces another step during which cells
can be negatively affected, and innovative solutions are required in order to achieve successful
encapsulation in hydrogel beads.

For Matrigel specifically, the temperature conditions can be detrimental to cells. Prolonged
cell exposure to the low temperature at which Matrigel is liquid can reduce cell viability [70].

Microfluidic single-cell encapsulation 11



CHAPTER 2. MICROFLUIDICS: RELEVANT BACKGROUND AND THEORY

0 5 10 15
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

average number of particles per droplet (λ)

fr
ac

tio
n 

of
 d

ro
pl

et
s 

co
nt

ai
ni

ng
 k

 c
el

ls
 (

P k)

 

 
k=0
k=1
k=2
k=3
k=4
k=5

Figure 2.4 – The Poisson distribution for cell encapsulation: The probability of encapsulating k cells
into droplets, as a function of the average number of particles per droplet (λ).

2.3.1 The statistics of encapsulation

When a cell suspension is passed through a droplet generator, the number of cells per droplet is
governed by Poisson statistics, due to the random distribution of cells in the suspension [75]. The
fraction of droplets containing k cells is described by equation 2.10, where Pk is the probability
that a droplet contains k particles, and λ is the average number of particles per drop.

Pk =
λke−λ

k!
(2.10)

λ can be related to the cell density as shown in equation 2.11, where Qd is the flow-rate of the
dispersed phase, fd the droplet generation rate, and nc the cell density in the dispersed phase.
Here, the relation between the flow-rate Qd and the generation frequency fd is already dictated
by the flow-focusing geometry, the material properties of the liquids used, and the flow-rate of the
continuous phase Qc. Thus, selecting a certain value of λ is achieved by changing the cell density
(nc), and requires some knowledge about the properties of the used device.

λ =
Qdnc
fc

(2.11)

In many applications, such as single cell analysis, loading a single particle per droplet is es-
sential. From equation 2.10 the maximum percentage of droplets that contain a single particle
is derived to be equal to 36.8% at λ = 1 (Figure 2.4). The downside of loading particles at an
average of 1 particle per drop is that 36.8% of the droplets remain empty, and 26.4% contains two
particles or more. Therefore, it is more common to select a lower value for λ, such as 0.3 used
in a high-throughput hybridoma screening study [73], where less than 4% of the droplets contain
two or more cells. This reduction in droplets with multiple particles comes at the expense of the
encapsulation efficiency; only 22.2% of the droplets contain a single particle and 74% is empty.
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Several researchers have investigated methods to overcome these statistics, using either a pre-
encapsulating ordering mechanism, or post-encapsulation sorting. Ordering mechanisms can rely
on hydrodynamic effects in specific channel geometries, such as Dean flow in curved channels
[76], high aspect-ratio channel flow [71], and alternating contracting and expanding flow pinching
[44]. The percentage of single cell containing droplets can be increased to 55-80% using these
methods. Alternatively, optical tweezers can also been employed to encapsulate single cells in an
actively controlled manner [74]. However, this method is not suitable for high-throughput droplet
generation, as it relies on the manipulation of individual cells using optics.

Post-sorting methods typically rely on fluorescent labeling of the encapsulation target, optical
detection, and active separation of the droplets that give a positive signal. This has for instance
be achieved using commercially available Fluorescent Assisted Cell Sorting (FACS) equipment for
large particles [70], or using a microfluidic device with optical detection [63]. A passive hydro-
dynamic method, based on spontaneous self-sorting behavior in boundary layers, has also been
employed [72]. This passive method is very sensitive to cell size differences, enabling the select-
ive encapsulation of T-lymphocytes from whole blood. The droplets generated in this approach,
however, are not monodisperse, since they scale with cell size.

2.4 Temperature control in microfluidics

For encapsulation in Matrigel, which gelates as a function of temperature, control over the tem-
perature of the encapsulation device is essential. Therefore, the most relevant techniques for
microfluidic temperature control are briefly reviewed in this section.

Over the past few decades, many different temperature control strategies for microfluidic sys-
tems have been developed. One of the applications named before is found in DNA amplification
on a chip through PCR, a process that requires thermo-cycling between 50°C and 95°C [77]. Apart
from this application, microfluidic temperature control has also been applied to a number of other
complex temperature sensitive processes, such as protein crystallization [78] and Temperature
Gradient Focusing (TGF) [79].

The majority of studies into temperature control for microfluidic applications rely on external
approaches, such as macroscopic Peltier elements or pre-heated liquids flowing through the micro-
fluidic chip [80]. These methods enable the generation of homogeneous temperature regions, and
even highly accurate local temperature gradients. Apart from these external approaches, a number
of integrated methods have also been developed, for instance using micro-Peltier elements [81, 82],
local Joule heating [83, 84], microwaves [85, 86], chemical reactions [87, 88], and integrated lasers
[89, 90]. However, since our application does not necessarily require the generation of extremely
accurate local gradients or temperature fields, the main focus is on the external approaches.

The most common external approach to control the temperature of a microfluidic chip is to
place the chip in a temperature controlled environment, such as an incubation box or a temper-
ature controlled room. A cold room has for instance been used to generate Matrigel beads inside
a microfluidic chip [70]. Incubation boxes are generally used for any type of cell culturing experi-
ment where live imaging is required, such as dengue inhibition experiments [91] or sperm motion
measurements [92]. The disadvantages of these methods are that only homogeneous temperatures
can be achieved and the equilibration time is typically long.

A method that does enable inhomogeneous temperature distributions is the attachment of
active heating elements onto the chip. This method has for instance been applied to continuous-
flow PCR on a chip [93], where two temperature zones 67°C and 95°C were realized using heating
elements. Similarly, temperature controlled copper blocks have been used to create multiple
temperature zones [36]. In this example, the temperature was regulated with active feedback on
the heating elements, combined with passive cooling using cooling fins. The advantage of this
approach is the simplicity of the heating process, for which all energy is obtained directly from an
electrical source. However, cooling the chip is impossible with these elements.

In a more advanced approach that can also actively cool the chip, Peltier elements are em-
ployed to transfer heat. These rely on the Peltier effect, in which an electrical current carries heat
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from one side of the element to the other. These systems can typically achieve very high cooling
rates compared to the previous method, since they are not limited by passive convective cooling.
Peltier elements have for instance been used to generate a temperature gradient for TGF [79],
and to thermocycle on a microfluidic PCR chip [94, 95]. Peltier-based thermocycling systems for
microfluidics have also been used in commercially available PCR equipment [38]. The downside
of this method is that transferred heat still has to be dissipated into the environment, which is
typically achieved using large, actively cooled heat-sinks, which increases the size of the setup sig-
nificantly. Moreover, Peltier elements can only control heat transport, such that local temperature
measurement and active feedback is necessary in order to locally maintain a set temperature.

The final approach treated in this section is based on heat exchange between the chip and
an externally heated or cooled liquid. By integrating a channel into the microfluidic chip, and
pumping this liquid through, the local temperature can be controlled. This method has for instance
been used in a high-resolution live cell imaging study, where the temperature could be switched
between 5°C and 45°C in less than 10 seconds [96]. It was also applied to generate a linear
temperature gradient over several microchannels [97], and in a highly advanced silicon chip for
controlled production of semiconductor nanocrystals [98]. An advantage of this approach is that
temperature regulation of liquids can be performed off-chip, reducing the volume of the chip itself.
However, more fluidic interfaces have to be integrated into the chip.

In this chapter, the relevant physics at the microscale have been discussed, including viscous
flow properties, interfacial effects, and diffusion. In the context of cell encapsulation, microfluidic
methods for droplet generation were discussed in more detail, after which cell encapsulation meth-
ods from literature were briefly reviewed. Additionally, several temperature control methods for
microfluidic applications were reviewed. Using this information, a device with integrated temper-
ature control is designed for the encapsulation of cells in Matrigel beads in chapter 3.
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Chapter 3

Device design

For the encapsulation of single cells in Matrigel beads, a microfluidic device is designed, which
consists of two parts: A microfluidic side that contains the channel geometry for encapsulation,
and a second part that facilitates local temperature control. First, the design of the microfluidic
channel geometry for cell encapsulation is treated in section 3.1. Second, the temperature control
method is selected and designed in section 3.2. Finally, the fabrication methods used to realize
the complete design are discussed in section 3.3.

3.1 The microfluidic channel geometry

Initially, the aim is to generate beads with a diameter of approximately 100 µm, such that the
inter-cellular spacing in culture is in approximately the same range. Connections between neurons
should therefore have a similar length, which is between two and four times the size of a SH-SY5Y
cell body [32], such that they will be clearly discernible. The droplet generation inherently enables
the generation of beads with other diameters as well, such that the design is not limited to this
diameter alone.

The microfluidic design has two parts: The flow-focusing section, in which cells are encapsu-
lated in Matrigel microdroplets, and a section in which the droplets are gelated at an elevated
temperature. The on-chip gelation of the beads is convenient for a number of reasons. First,
droplets tend to coalesce when transitioning from a microfluidic channel to a macroscopic outlet
tube. If the beads have already solidified at this stage, coalescence will not lead to the formation of
larger diameter beads. Second, by inducing bead gelation in a microfluidic channel, more control
over the local conditions is possible, which leads to a more homogeneously treated set of beads.
Third, prolonged exposure of cells to low temperature could negatively influence their viability,
as discussed in section 2.3. The time during which cells are exposed to low temperature is greatly
reduced when the temperature is raised for on-chip gelation. Last, on-chip gelation introduces the
possibility to integrate post-processing steps in the same microfluidic chip, such as bead sorting,
oil removal, and possibly even the assembly of the final culture.

In order to design the chip, some knowledge on the fluids to be used is required. Especially
the density and viscosity of the continuous phase are relevant to compute the relation between
flow-rate and pressure. Therefore, these materials are selected first. For the continuous phase,
a fluorinated oil is most desirable because of its biocompatible properties. However, due to the
limited availability of synthesized fluorosurfactants, a hydrocarbon oil is selected: Mineral oil.
This oil has been used successfully for droplet generation in the past, in combination with ABIL
EM 90 surfactant. The materials are not necessarily biocompatible, such that a critical assessment
of their impact on the encapsulated cells is needed. The material properties of mineral oil, shown
in Table 3.1, are used for the chip design.

The dispersed phase is liquid Matrigel, which essentially is a protein mixture in water. The
density of this mixture is not accurately known, due to the inter-batch variability in this product.
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Table 3.1 – The properties of the mineral oil used (Sigma, M8410), relevant to the chip design.

density 0.84 g/mL
viscosity < 30 · 10−3 Pa s

inlet continuous
phase

filters

inlet dispersed
phase

flow-focusing cross-section
wor = 40 µm

wc = 100 µm

Figure 3.1 – A schematic illustration of the flow-focusing section, showing the inlets of the dispersed
and continuous phase, small meandering channels for temperature equilibration, and the flow-focusing
cross-section. Both inlets contain a filtering pillar array with a spacing of 20 µm. The widths of the
orifice wor and continuous phase channel wc are also indicated. The dispersed phase channel has a
width wd equal to the continuous phase channel width.

However, an estimate of the density can be made, based on the typical protein concentration
ranging from 8 to 12 mg/mL: ρMG ≈ 1.01 g/mL. As discussed in section 2.2, the viscosity of the
dispersed phase does not have a large influence on the droplet generation process.

The chip is made using standard photo-lithography and soft-lithography processes, as described
in section 3.3, and designed to fit on a standard glass microscope slide (75x25 mm), such that it
can easily be used on a microscope.

3.1.1 Flow-focusing section

As discussed in section 2.2, no analytical method exists to compute the droplet diameter and gen-
eration frequency inside a flow-focusing device. Therefore, the flow-focusing cross-section (Figure
3.1) is designed based on literature. The flow-focusing section should facilitate the encapsulation
of cells inside spherical droplets with a diameter of approximately 100 µm, so the channel height
(h) is set to 100 µm.

Data from a similarly dimensioned device from Ward et al. with h = 75 µm indicates that
droplets with a diameter ranging from the orifice width wor to 3×wor can be manufactured using
mineral oil [56]. In this work, an orifice width of 50 µm is used to generate droplet diameters
between 50 and 150 µm, comparable to the diameter of 100 µm that is aimed for in this thesis.

In order to correct for the difference in channel height between the current design and the
design from Ward et al., the modified flow-focusing capillary number in equation 2.9 is used to
scale the orifice width. For an equal capillary number, the orifice should be slightly smaller than
50 µm. Based on the continuous and dispersed phase channel widths of 100 µm, the orifice width
is set to 40 µm, compensating for the factor of 0.75 difference in the modified capillary number.

The inlets contain a 20 µm filter, which should prevent any large particles from entering the
chip (Figure 3.1). The SH-SY5Y cells have a diameter of approximately 10 µm in suspension, so
they should be able to pass the filter.

In addition to the flow-focusing cross-section and the inlets, three small meandering channels
are included in the design. These are included to slightly delay the fluids on the chip, such that
more time is available for temperature equilibration. However, this is not enough to cool the
liquids completely, such that additional pre-cooling is necessary. The method for pre-cooling the
liquids is discussed in section 3.2.3.
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meander inlet Wmax

chip outlet

Lmax

Figure 3.2 – A schematic illustration of the meandering channel section. On the left, generated
droplets enter the meander inlet, and on the right droplets leave the meander through the chip outlet.
The footprint dimension Wmax is 20 mm, based on the size of a microscope slide. The footprint
dimension Lmax is 26 mm, based on the need for spacing between the hot and cold regions on the
chip.

3.1.2 Gelation section

The main goal of this section is to keep the generated droplets at an elevated temperature for the
time required for gelation. However, the exact time that is required for this process is unknown.
In order to increase the chances of a full gelation on-chip, the residence time of droplets inside this
section is maximized, for which a meandering channel design is selected. This also ensures that
the residence time of each droplet is the same. Incorporating such a design in the chip influences
the pressure drop over the system, which can lead to failure of the chip by delamination due to a
high internal pressure. The maximum pressure drop that can be withstood by a plasma-bonded
PDMS chip is approximately 0.5 MPa, as determined from previous experience, which should
not be exceeded by design. The meandering channel section (Figure 3.2) has a maximum width
(Wmax) of 20 mm due to the limited size of a microscope slide. The maximum length (Lmax) is
set to 26 mm, to keep a sufficient amount of space between the cold and hot section on the chip.

As discussed in section 2.1.1, the pressure drop in the system is related to the flow-rate via the
hydraulic resistance. Thus, in order to determine the pressure drop, the flow-rate in the system
has to be known. However, the flow-focusing device does not enable direct computation of the
flow-rates required to achieve a certain droplet generation rate and diameter (see section 2.2). A
reasonable estimation of the maximum flow-rate can be made based on the desired droplet size, an
estimate for the generation rate, and an estimate of the continuous phase flow-rate. The estimates
are made based on the work of Ward et al., used previously to design the flow-focusing section.
Assuming that the device generates droplets with a diameter of 100 µm, at a maximum rate of
500 Hz, the maximum dispersed phase flow-rate is approximately 15.7 µL/min. If we assume that
this occurs when the flow-rate ratio φ defined in section 2.2 is 2, the total maximum flow-rate is
approximately 50 µL/min.

Several channel dimensions are already fixed, such as the channel height (100 µm). Addi-
tionally, the spacing between the straight channels is set to 200 µm, in order to have sufficient
surface area for glass-PDMS bonding. Combined with the constraints on the meander footprint,
the remaining pressure tuning parameter is the channel width.

For each channel width, the maximum channel length that fits inside the maximum footprint
area (Wmax×Lmax) is selected, since this corresponds to the maximum achievable residence time
for this width. Using this length, the hydraulic resistance is computed according to equation 2.5,
which is used to compute the pressure drop. The minimum channel width for which the maximum
pressure is not exceeded is then selected, corresponding to approximately 500 µm. The total
meandering channel length is 766 mm. Using these dimensions, the droplet residence time (tres)
for each flow-rate can be estimated, based on the total meandering channel length and the average
flow-velocity. For the chosen dimensions, this corresponds to a residence time of 46 seconds at the
maximum total flow-rate of 50 µL/min. The entire channel geometry, including the flow focusing
section, fits on a single microscope slide (Figure 3.3).
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Figure 3.3 – A schematic illustration of the complete channel geometry, showing the position of the
channels on the microscope slide.

3.2 Temperature control design

In order to encapsulate cells in Matrigel, the temperature of the encapsulation device has to be
controlled. In this section, the temperature control method for the encapsulation chip is selected
and designed. The selection and design are based on two main requirements that follow from the
selection of Matrigel, and the fact that live cells are involved.

The first requirement is that in the droplet generation section, where the gel has to be in
liquid form, the temperature has to be kept between 0°C and 4°C. If either one of these limits
is surpassed, the Matrigel will solidify and impair the stable formation of droplets, either due to
freezing below 0°C or gelation above 4°C.

The second requirement is that unnecessary thermal stresses on the cells should be avoided.
Therefore, the temperature in the gelation section should not be much more than the physiological
temperature of 37°C, but above 10°C [35].

3.2.1 Method selection

For our application, a temperature control method that can both cool down and heat the fluids
inside the microfluidic channels is required, since the temperature range is partly below room
temperature. Therefore, any method that uses Joule heating is not applicable, which leaves Peltier
elements and liquid temperature control as the most viable options. The choice between these
two alternatives is made based on two other, more practical requirements: The compatibility with
microscopic observation, which is essential for droplet diameter tuning, and the complexity and
size of the encapsulation setup.

For the first requirement, a transparent and compact solution is essential, since most micro-
scopes rely on light transmission through the sample and do not offer much space. Although
Peltier based chips have been adapted for transmission microscopy, by moving the sample towards
a transparent region [94], they are generally non-transparent and difficult to fit under a micro-
scope. Fluidic temperature control on the other hand, can be integrated in the same chip, without
losing transparency or adding much material. Therefore, liquid based temperature control seems
to be the most viable option.

This is also in agreement with the second requirement: To have a setup that requires the
least complexity on the chip. Peltier elements require integrated temperature sensors and active
feedback, which adds to the chips complexity. For liquid based control, the temperature is con-
trolled externally, which renders temperature sensors or feedback obsolete, apart from an initial
calibration of the system. Therefore, a simpler microfluidic chip can be used to obtain the same
control over the local temperature.

3.2.2 Fluid based design

The key working principle of liquid based temperature control is heat transfer between a low
volume stream of fluid (in microfluidic channels) and a high volume stream of another liquid at
a set temperature. Due to the large difference in volume, the microfluidic side can equilibrate
to the same temperature as the temperature controlled liquid, without significantly influencing
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the temperature of the other liquid. This enables the generation of a large region in which the
temperature inside microfluidic channels can be regulated by a single high volume stream of liquid.
In this design, water is chosen as the heating and cooling liquid.

A simple approximation of the required heat is made to illustrate the insignificant influence
on the heating source. The heat capacity of water is approximately 4.2 · 103 J/kgK between 0
and 37°C [99]. The heat capacity of mineral oil is approximately 1.9 · 103 J/kgK [100]. Again
assuming that flow-rate ratio φ is 2, the average heat capacity can be computed: cp,av = 2.66 · 103

J/kgK. By combining this with the maximum occurring temperature difference of 37°C and the
maximum flow-rate of 50 µL/min in the microfluidic channels, the required heat transfer rate can
be estimated: Qrequired ≈ 0.072 J/s. A temperature drop of only 0.005°C in the heating water
can be realized at a flow-rate of just 150 mL/min.

Although heating the contents of the microfluidic channels has no impact on the temperature
of the heating water, it could locally influence the temperature distribution. In order to assess
this influence, the thermal entrance length is estimated. It takes some time for the liquids in the
microfluidic channels to heat up. The timescale at which this happens is estimated by neglecting
convective heat-transfer and approaching the system as purely conductive one-dimensional system.
In that case, the characteristic length-scale over which heat has to diffuse is equal to the channel
height (100 µm). The thermal diffusivity in the microfluidic channels is estimated using α = k/ρcp,
where k is the average thermal conductivity, ρ the average density, and cp the average heat-capacity.
The thermal conductivity of water is approximately 0.6 W/mK [99] and the thermal conductivity
of mineral oil is 0.12 − 0.15 W/mK [101]. The timescale of heat diffusion is estimated using
τ = L2

c/α, where Lc is the characteristic length scale. This results in an estimated timescale of
20.7 ms, during which the liquids travel 0.35 mm on average, which is short compared to the
length of the meandering channel (766 mm). This indicates that the microchannel flow also has
negligible impact on the temperature distribution within the chip. Thus, we can safely conclude
that this strategy is feasible.

The channels transporting the water should comply to the following requirements: First, in
order to achieve a high flow-rate, without large pressure losses, channels with a large cross-sectional
area are preferred. Second, the thermal resistance between the water and the contents of the
microchannels should be low to facilitate fast heat transfer.

The larger channels could have been integrated into the PDMS material in which the micro-
fluidic channels reside. However, the high flow-rates for heating and cooling require large channel
dimensions in order to minimize pressure losses. Integration of larger channels would complic-
ate both the chip design and the required fabrication methods. Additionally, PDMS has a low
thermal conductivity (0.18 W/mK [102]), such that very thin walls would be required in order to
achieve a sufficiently low thermal resistance. Therefore, it is decided to attach temperature control
chambers directly to the glass bottom of the chip. By doing so, the only material separating the
two liquids is a glass microscope slide, which has a higher thermal conductivity (1− 1.4 W/mK)
relative to PDMS [99, 102]. Moreover, the chambers can cover a large section of the microscope
slide, without interfering with the microfluidic channel geometry.

The 20 × 30 mm footprint of the high temperature chamber overlaps with the meandering
channel section in the microfluidic design (Figure 3.4), in order to maintain a constant temperature
for each passing droplet. Part of the meandering channel does not overlap the hot chamber, such
that the temperature increase is gradual. The low temperature chamber (20× 25 mm) covers the
area in which the droplets are generated. In order to minimize heat transfer between the high
and cold liquid, there is 15 mm of solid material between the two chambers. The total height of
the added layers is kept below 4 mm, with 3 mm chamber height and 1 mm bottom thickness, to
enable focusing on the microchannels with the inverted microscope used.

3.2.3 Auxiliary equipment and connections

In order to feed the two thermal chambers with water at a set temperature, two thermal reservoirs
are required. For the high temperature reservoir, a 500 mL glass beaker on a hot-plate with active
temperature control is used (Yellowline, yellow MAG HS 7). For the low temperature reservoir,
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25 mm 15 mm 30 mm

20 mm

Figure 3.4 – A schematic overlay of the microfluidic design on the thermal chambers, showing the
positioning of the channel geometry relative to the cold (blue) and hot (red) thermal chambers.

Matrigel syringe

syringe pumps

oil syringe

encapsulation device collection tube

hot reservoir

cold reservoir

water pumps

Figure 3.5 – A schematic overview of the encapsulation setup, including syringes, pumps, tubing
connections, and the hot and cold reservoirs. The different components are not to scale.

a 500 mL glass beaker filled with ice water is used. By regularly adding ice to this reservoir, a
temperature very close to 0°C can be maintained for the duration of an experiment. It is important
to note that using ice water does not facilitate temperature tuning at the cold side of the chip.
The temperature at this side is essential for keeping the Matrigel in liquid state, such that droplets
can be generated.

Both reservoirs are fitted with magnetic stirrers in order to achieve a homogeneous temperature
throughout the reservoirs. Water is pumped through each chamber using two micro-pumps (RS,
480-188) connected to the chip and reservoirs via silicone tubing (Tygon, E3603). This tubing
is connected to the 2 mm holes using a trimmed pipette tip (VWR, 613-0578) and some epoxy
(Bison, Kombi Snel).

The tubing used for cold water is also used to pre-cool the oil and Matrigel before entering the
microfluidic chip (Figure 3.5). For both microchannel inlets, 20 cm of microfluidic tubing (SCI,
BB31695-PE/5) is fed through holes in a larger diameter silicone tube (Tygon, E3603), such that
the cool water flows around the chip inlet tubing. This tube is connected directly to the outlet of
the cold chamber, providing a constant source of cold water. The 20 cm long microfluidic tube also
creates a cool reservoir in which the Matrigel can be injected before starting the droplet generation
process. In order to prevent too much heating of the cooling water, the tubing between the cold
reservoir and the chip is insulated using clean-room tissue (Texwipe, TX609) and electrical tape.

3.3 Fabrication methods

The device was made of multiple layers (Figure 3.6), using standard photo- and soft-lithography
processes, combined with laser-cutting and gluing for the temperature control chambers.
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PDMS chip

Glass microscope slide

PMMA temperature
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Silicone sealant
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Figure 3.6 – A schematic representation of the four layers that form the complete encapsulation chip,
indicating the bonding types between the layers.

3.3.1 Microfluidic chip fabrication

First, a master-mold was made using photolithography, after which it was replicated in PDMS.
This replica was then bonded to a microscope slide to finalize the microfluidic side of the device.

Photo-lithography

A wafer was cleaned by subsequently rinsing it with acetone, isopropanol (IPA), and ethanol,
after which the wafer was dried with nitrogen gas. To further reduce the amount of liquid left
on the wafer, it was put on a 95°C hot plate for about 2 minutes. A 100 µm layer of photoresist
(Microchem, SU-8 3050) was coated onto the cleaned wafer using a spin-coater (Laurell, WS-400B-
6NPP-LITE).

The coated wafer was then baked on a 95°C hot plate for 50 minutes, after which the photo-
mask containing the channel design was placed on top of the wafer. The mask was covered by
a clean glass plate and exposed to UV-light for 18 seconds, at 14 mW/cm2. After exposure, the
wafer was placed on a hot plate at 65°C for 1 minute, followed by a 5 minute bake on a 95°C hot
plate to initiate cross-linking.

The wafer was then developed in a bath filled with developer (Micro Resist Technology, mr-
dev 600) under constant agitation by an orbital shaker (Cole-Parmer, EW-51300-05). After 10
minutes, the developer was refreshed, and the wafer was developed for another 5 minutes. Finally,
the finished master was rinsed with IPA and dried with a nitrogen jet.

Soft-lithography

PDMS base and curing agent (Sylgard, 184) were mixed at a 10:1 ratio using a planetary centrifugal
mixer (Thinky, ARE-250) at 2000 rpm for 1.5 minutes, followed by a degassing step at 2000 rpm for
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1 minute. The mixed PDMS was poured onto the master, and put under vacuum for approximately
1 hour, to remove any air bubbles from the cast. The filled mold was then put in an oven at 65°C
for at least 3 hours to cure the PDMS.

After curing, the PDMS was removed from the master and cut to separate the different devices.
Inlet and outlet holes were punched using a 1.2 mm biopsy punch. The PDMS slabs were then
bonded to a glass slide using a plasma surface activation method. Dust was removed from the
PDMS slabs and microscope slides using some standard tape, after which both were exposed to
an air plasma for 45 seconds (50 W, 0.6 mbar) in a plasma asher (Emitech, K1050X). The plasma
treated slides and PDMS slabs were then carefully connected and put in an oven at 65°C for 1
hour to finalize the bonding process.

3.3.2 Temperature chamber fabrication

The walls of the temperature control chambers were made of Poly(methyl methacrylate) (PMMA),
which has a thermal conductivity that is similar to that of PDMS. The bottom of the device was
laser-cut into the shape of a microscope slide (25 × 75 mm) from 1 mm thick extruded PMMA
plate. The layer forming the sidewalls of the temperature chambers was laser-cut from 3 mm thick
extruded PMMA plate. In and outlets with a diameter of 2 mm were carefully drilled into the
sides of the cut chamber sections. The two parts were then glued together using a slow curing
silicone sealant (Dow Corning, Multi-purpose Sealant 732), which was applied using a 5 mL plastic
syringe. After leaving the sealant to cure for at least 24 hours, the microfluidic side of the device
was bonded to the assembled bottom section using the same sealant.

In this chapter, a device with integrated temperature control for the encapsulation of cells
in Matrigel was developed. First, a microfluidic chip was designed, consisting of a flow-focusing
section for Matrigel droplet generation, and a meandering channel section where droplets are
gelated to form beads. Temperature control chambers were added to this chip, to achieve a
temperature below 4°C at the flow-focusing section, such that liquid Matrigel droplets can be
generated, and a temperature above 10°C at the meandering channel section to induce gelation.
Finally, the fabrication methods used to manufacture the complete device were described. The
temperature control chambers are validated in chapter 4, after which the device is tested for the
generation of Matrigel beads in chapter 5, and for cell encapsulation in chapter 6.
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Chapter 4

Validation of microfluidic
temperature control method

In this chapter, the temperature control design for the microfluidic encapsulation chip is evaluated
using both simulations and experiments. The main goal is to show that it works at a level that is
sufficient for Matrigel droplet formation, bead gelation, and cell encapsulation whilst retaining cell
viability. First, both the temperature distribution and flow field properties are investigated using
a COMSOL simulation model in section 4.1. Next, the outcome of the simulations are compared
to measurements and the temperature control chambers are calibrated in section 4.2. Finally, the
results are discussed in section 4.3.

4.1 Simulations of temperature control strategy

In order to evaluate the temperature control method, simulations were performed using a 3D model
of the complete chip designed in chapter 3. The model included the PMMA temperature chambers,
the glass microscope slide, and the PDMS layer that normally contains the microchannels. The
channels were omitted from the simulation, since their influence on the temperature distribution
is negligible as argued in section 3.2. The water flow in the heating and cooling chambers was also
taken into account. The simulation setup is described in more detail in appendix A.

The simulations were performed for water temperatures of 0°C at the cold side of the chip, and
50°C at the hot side of the chip. The temperature of 50°C was chosen instead of 37°C since heat-
losses are bigger at higher temperatures, such that a worst-case scenario could be investigated.
Moreover, some hydrogels such as agarose require a similar temperature to either gelate, or remain
liquid. Thus, including this temperature in the analysis ensures that the method is also feasible
for alternative gels. The steady-state temperature distribution throughout the entire chip was
simulated for several different flow-rates for water, ranging from 0.6 mL/min to 120 mL/min.
This range was chosen since the maximum specified flow-rate of the pumps used is 350 mL/min,
and coupling to the chip reduces the flow-rate, estimated to be close to 120 mL/min. First, the
complete temperature profile was assessed for the minimum and maximum simulated flow-rate
(Figure 4.1).

The simulations show that homogeneous temperature zones form at the high flow-rate of 120
mL/min, while a very inhomogeneous temperature distribution forms at 0.6 mL/min. Clearly,
there is a certain minimum flow-rate at which the temperature distribution becomes approximately
homogeneous. One of the reasons for this difference is that at low flow-rates, heat transport
through the device significantly changes the temperature of the water in both chambers. At
a flow-rate of 120 mL/min, water inside the chambers is refreshed faster than heat losses can
significantly impact temperature.

Another reason for the different temperature distribution is the different velocity field at these
flow-rates (Figure 4.2). At 120 mL/min, two vortices can clearly be seen. These vortices distribute
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Q = 120 mL/min

Q = 0.6 mL/min

°C

Figure 4.1 – Simulation of the temperature
distribution on the microfluidic side of the
glass slide, for water flow-rates of 0.6 and 120
mL/min. A schematic of the position on the
channels and both chambers is shown above.
The dotted line indicates over which line the
temperature profile is shown in Figure 4.3

Q = 120 mL/min

Q = 0.6 mL/min

m/s

m/s
cold chambers hot chambers

Figure 4.2 – Simulation of the velocity field
inside the temperature chambers, in the cen-
ter cross-section of the chambers, for water
flow-rates of 0.6 and 120 mL/min. The scal-
ing in both images is adjusted such that the
flow properties are clearly visible. The max-
imum velocity for 120 mL/min is 1.31 m/s,
and the maximum velocity for 0.6 mL/min is
0.0066 m/s. The arrows are scaled logarith-
mically with respect to the fluid velocity.

the water throughout the entire chamber, ensuring the spread of heat. At the low flow-rate of 0.6
mL/min, shear forces are too low to induce vortex formation, resulting in a poor distribution of
heat.

The transition between the two states can be assessed by evaluating the temperature profiles
for all simulated flow-rates, along the center of the chip (Figure 4.3). For the simulated flow-rates
of 0.6 and 6 mL/min, it is clear that the temperature curve has absolutely no constant regions.
However, for flow-rates of 30 mL/min and up, the graph shows two regions with nearly uniform
temperature. Moreover, towards the higher flow-rates, the temperature profile seems to converge
to a fixed solution, although it never fully reaches the set temperatures at the chip inlets (0 and
50°C). It is important to note that the temperature on top of the glass slide will never be equal
to these temperatures, since the heat resistance of the slide prevents this from happening.

Another conclusion we can draw from these simulations is that the regions of constant temper-
ature are slightly smaller than the temperature chambers. For the cold region this is acceptable,
since the inlet and flow-focusing section are centered on the cold region, at sufficient distance from
the edges. For the hot region, however, this means that the temperature is not constant over the
entire meandering channel section. Especially near the bends in this section, temperature can be
several degrees lower than in the center. Fortunately, this is negligible, since the exact temper-
ature is not relevant for Matrigel gelation, as long as it is higher than 10°C [35]. Between the
two temperature sections, there is an approximately linear transition between the low and high
temperature, with a gradient that converges to approximately 2.9°C/mm.

Using these simulations, the feasibility of the temperature control strategy has been shown. At
sufficiently high water flow-rates, vortices form inside the temperature chambers that distribute
the heat or cold over the designated area. However, the simulations have only taken the chip
itself into account, assuming perfect heat transfer between the materials that comprise the chip.
In order to fully validate the approach, including possible heat losses in the auxiliary equipment
and tube connections, temperature measurements are required. Additionally, calibration of the
reservoir temperatures is essential for setting the correct temperature.
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Figure 4.3 – Simulated temperature profile for flow rates between 0.6 and 120 mL/min. The gray
dashed lines indicate the edges of the temperature chambers, and the solid black lines the set temper-
ature at the inlets of these chambers: 0 and 50°C.

4.2 Experimental validation and characterization of tem-
perature control strategy

Experiments were carried out with the purpose of both validating the temperature control ap-
proach, and calibrating the setup. First, the flow-rate through both chambers was measured,
in order to confirm that the pumps produced a sufficiently high flow-rate for vortex formation.
Second, the temperature profile (Figure 4.3) was measured in order to estimate the deviation from
the performed simulations. Third, the independence of the temperature of the cold region from
the temperature of the hot region was tested. Fourth, the temperature of the hot region was
calibrated with respect to the reservoir temperature. Last, the calibration curve was validated at
the settings as used in all encapsulation experiments.

4.2.1 Materials and methods

Flow-rate measurement

The flow-rate generated by the two water pumps is different from the flow-rate of 350 mL/min in-
dicated in the specifications, due to the additional hydraulic resistance introduced by the attached
tubing and temperature chambers. In order to measure the actual flow-rates generated by the hot
and cold water pumps (RS, 480-188) at full power, two separate measurements were performed.
One 1 L glass beaker was filled completely and put on a height-adjustable platform. Another 500
mL beaker was filled with 100 mL of water and placed on another height-adjustable platform. The
platforms were adjusted in such a way that the water levels in both beakers were at equal height,
as not to create any pressure differences. By avoiding pressure difference, the circulation of water
from the temperature reservoirs is mimicked more accurately. For connecting the pumps, chip,
and beakers, the same silicon tubing as in all other experiments was used (Tygon, E3603).

First, the inlet of the pump for the hot side was connected to the 1 L beaker using 35 cm
of tube, the outlet of the pump was connected to the inlet of the chamber using 40 cm of tube,
and the outlet of the chamber was connected to the 500 mL beaker using 65 cm of tube. Before
submerging and fixing the tube ends with tape, the entire chain was filled with water from the 1
L beaker by aspiration with a 50 mL syringe (Terumo).

The tested pump was connected to a power source (Voltcraft, PS-2403D) at 4 V, starting the
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flow. The beaker that was being filled was continuously lowered using the adjustable platform,
such that the water levels in both beakers remained at equal height. When 100 mL of water
was pumped into the receiving beaker, the time was started in order to eliminate any start-up
effects. The time was noted when the next 100 mL had been transferred. The flow-rate was then
computed by dividing the transferred volume (100 mL) by the elapsed time. This measurement
was repeated 8 times.

Next, the inlet of the pump for the cold side was connected to the 1 L beaker using 25 cm of
tube that was insulated by wrapping it in cleanroom tissue (Texwipe, TX609) and electrical tape
to minimize condensation. The outlet of the pump was connected to the inlet of the chamber using
40 cm of tube, insulated using the same materials. The outlet of the chamber was connected to
the 500 mL beaker using 110 cm of tube, in which the microfluidic tubing as described in section
3.2.3 was already installed. The measurement procedure as described for the hot side was then
repeated for the cold side.

Temperature measurement of simulated profile

All temperature measurements were performed on chips without the PDMS microchannels at-
tached, using the same type of pumps and tubing as in the previous section (4.2.1). In order to
measure the surface temperature on the glass slide, a measurement tool with 5 parallel temperat-
ure sensors (Amphenol Advanced Sensors, DC95F502W) was used. The design of this tool can be
found in appendix B. The sensors were attached to the glass side of the chip with some thermal
paste (Jürgen Armack GmbH, Thermal compound T12) and electrical tape, and all sensors were
covered by insulating padding in order to mimic the insulation that is normally provided by the
PDMS. A USB cable was used to connect the measurement tool to a PC.

For the hot thermal reservoir, a 500 mL glass beaker filled with deionized and filtered water was
placed on a hot-plate with magnetic stirrer (Yellowline, yellow MAG HS 7) that was set to 50°C.
A PT1000 temperature sensor was connected to the hot-plate, which yields a controller accuracy
of ±0.5°C. For the cold thermal reservoir, a 500 mL glass beaker was filled with 300 mL deionized
and filtered water, and put on a stirring plate (Thermo Scientific, 50094711). Ice was added until
the water level reached the 500 mL mark, and constantly replenished during the measurements.

Since only 5 parallel sensors were available, three different measurements were used to cover
the entire device. For the first measurement of the cold region of the chip, sensors were placed at
8, 13, 18, 25, and 31 mm from the edge of the device (Figure 4.4). For the second measurement
of the gradient between both chambers, sensors were placed at 27, 31, 35, 39, and 43 mm. For
the last measurement of the hot region, sensors were placed at 45, 49, 55, 61, and 68 mm. All
measurements were taken along the centerline of the device.

0 10 20 30 40 50 60 70 mm

Figure 4.4 – A schematic image of the temperature control chambers, on which the channel geometry
is superimposed. The centerline along which all temperature measurements were taken is indicated
using a black line. The ruler shows the dimension along which the measurement positions are defined.

Both pumps were connected to the power source at 4 V in parallel, starting the flow, and the
setup was left to equilibrate for 5 minutes. Next, the Matlab temperature logging software was
started and data was collected for approximately 7 minutes for each of the three sensor placements.
The temperature was logged every 10 seconds during that time.

26 Microfluidic single-cell encapsulation



CHAPTER 4. VALIDATION OF MICROFLUIDIC TEMPERATURE CONTROL METHOD

Temperature measurements of cold region at different hot reservoir temperatures

Several measurements were performed to determine the influence of the temperature in the hot
reservoir on the temperature of the cold region. The measurement procedure was the same as
in the previous paragraphs, apart from the temperature of the hot reservoir, the position of the
sensors, and the sampling frequency. The temperature was measured at 5, 10, 15, 20, and 26
mm from the side of the device, corresponding to the cold region on the chip (Figure 4.4). Each
measurement was done for 5 minutes, during which the temperature was logged every 0.5 seconds.
Measurements were performed for hot reservoir temperatures of 30, 32, 33.5, 34, 36, 39, 43, and
47 ±0.5°C.

Temperature measurements for calibration

Several measurements were performed to calibrate the temperature of the glass surface with re-
spect to the temperature of the hot reservoir. This experiment was carried out the same way as
the previous experiment, except for the temperatures of the hot reservoir and the measurement
positions. The temperature was measured at 44, 49, 55, 61, and 68 mm from the side of the device,
corresponding to the hot region on the chip (Figure 4.4). Measurements were performed for hot
reservoir temperatures of approximately 39, 44, 46, 50, and 55 ±0.5°C.

Temperature measurement at encapsulation settings

For this experiment, The hot reservoir was set to 39°C, based on the calibration curve obtained from
the previous experiment. The temperature was measured at 5 relevant positions, corresponding
to the approximate position of the inlet of the dispersed phase, the flow-focusing section, and the
start center and end of the meandering channel, at 16, 24, 42, 55, and 70 mm (Figure 4.4).

4.2.2 Results

Flow-rate measurements

Both the flow-rate through the cold and through the hot temperature chamber was measured. The
flow-rate through the hot temperature chamber (Qh) was 150 mL/min, with a standard deviation
of 14. The flow-rate through the cold temperature chamber (Qc) was 150 mL/min, with a standard
deviation of 11. This confirms that in both chambers, the flow-rate was sufficiently high to induce
the vortex formation that is necessary for an even temperature distribution, according to the
simulations discussed in section 4.1.

Temperature measurement of simulated profile

Temperature measurements were performed on the temperature control chambers, for comparison
with the simulated temperature profile (Figure 4.3). The temperature profile for reservoir tem-
peratures of 0 and 50°C was in good agreement with the simulated profile in terms of the profile
shape (Figure 4.5). Both regions of constant temperature and the linear temperature gradient are
present in the data.

However, there are several deviations from the simulated profile, such as the higher temperature
at the cold chamber (approximately 2.5°C higher), and the slightly lower temperature at the
hot chamber (approximately 1°C lower). These differences between theory and practice can be
attributed to both limits of the simulation and physical error sources. The simulation, for instance,
does not take heat losses in the pumps and tubing into account: The temperature at the inlet
of the chip is assumed to be equal to the reservoir temperature reservoirs. Moreover, heat-losses
to the environment have been modeled as natural convection, neglecting any forced convective
air-flows around the chip.

An important observation during the measurements was that, especially on the cold side of the
chip, air bubbles could get trapped inside the chamber. These bubbles were formed mainly inside
the pumps, which was determined by visually tracking bubbles through the transparent tubing.
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Figure 4.5 – The measured temperature profile on the chip for reservoir temperatures of 0 and 50°C.
The profile was determined from 3 separate measurements: On the cold chamber (#), between the
chambers (2), and on the hot chamber (3). The temperature curve obtained from the simulation is
shown as a dashed line.

They coalesced inside the vortices, and remained there until the chip was rotated in such a way that
gravity pushed the bubbles towards the outlet. The fact that more bubbles got trapped inside
the cold chamber, could be attributed to the temperature and pressure changes of the cooling
water inside the pump, which changes the solubility of gases in water. Regular interventions were
necessary to remove the air bubbles that impair the visibility under a microscope, but could also
reduce heat transfer towards the microchannels.

The fact that the difference was larger on the cold side could be attributed to additional heat
that is being generated inside the pump. Additionally, the cold reservoir was not exactly 0°C, but
slightly warmer. However, this does not fully explain the difference, since the actual temperature
of the cold reservoir was determined to be 0.3±0.1°C. Therefore, the most likely cause is the water
heating by the pump, and heat-transfer in the tubing before the chip.

Despite the deviations between the simulation and the measured profile, the temperature of
the cold region is below 4°C, which is sufficient for having liquid Matrigel inside the device.

Stability of the cold region and temperature calibration

In order to investigate the stability of the cold region with respect to the hot region, measurements
were done on the cold side for hot reservoir temperatures of 30, 32, 33.5, 34, 36, 39, 43, and
47°C (Figure 4.6). The average temperature of the cold region varied slightly around a mean
temperature of 3.4°C, but there was no correlation between the temperature of the reservoir and
the cold region. This indicates that the hot region can be calibrated for different temperatures,
without having an impact on the cold chamber.

In order to calibrate the temperature of the hot region with respect to the temperature of the
hot reservoir, the temperature of the hot side of the chip was measured for reservoir temperatures
of 39, 44, 46, 50, and 55°C (Figure 4.7) At all reservoir temperatures, the measured temperature
of the hot region was lower than the reservoir temperature by approximately 1°C, showing that
there were heat-losses between the reservoir and the chip.

However, the temperature on the chip correlated linearly with the temperature of the reservoir
on the measured range, such that a linear fit on the measured temperatures could be used for
calibration. Using the calibration curve shown in equation 4.1, where Thc is the temperature of
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Figure 4.6 – The average temperature of
the cold region of the chip as a function of
the temperature of the hot thermal reservoir.
The red circles show the measurements, and
the dashed line is the average of these meas-
urements (3.4°C).
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Figure 4.7 – The average temperature of the
hot region on the chip as a function of the
thermal reservoir temperature. Blue circles
show the measurements, and the dashed red
line a linear fit to these measurements. Error
bars represent the standard deviation. The
solid black line shows the theoretical, lossless
case where the hot region temperature equals
the reservoir temperature

the hot region on the chip, and Thr the temperature of the hot reservoir, the temperature of the
reservoir could be set to achieve a desired temperature on the chip.

Thr = 1.08 · Thc − 1.73; (4.1)

The temperature profile at calibrated temperatures

Using the calibration curve derived from the previous experiment, a measurement was performed
on the system set to the temperatures to be used for all future experiments, with a hot region
temperature of approximately 37°C. However, the hot reservoir could only be set to integer temper-
ature values, such that a choice had to be made between 36.8 and 37.7°C as hot region temperature,
considering equation 4.1. It was decided to aim for a temperature of 37.6°C, for which the hot
reservoir was set to 39°C.

The temperature was assessed on five locations on the chip that were essential relative to
the microchannels: Right after the Matrigel inlet, at the flow-focusing cross-section, and at the
start, center, and end of the meandering channel (Figure 4.8). The measurements show that the
temperature is 3.4°C at the inlet and the flow-focusing section, such that Matrigel will be liquid
at these positions. Moreover, at the meandering channel, the temperature rises to approximately
37.4°C, which is close enough to the target temperature of 37.7°C: It is within tolerance of the
temperature sensor array (±0.2°C) and the hot temperature reservoir (±0.5°C).
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Figure 4.8 – The temperature measurements at cell encapsulation settings (A), at the approximate
positions of the inlet of the dispersed phase, the flow-focusing section, and the start center and end
of the meandering channel (B). The dashed line indicates the target temperature of the hot region of
37°C, and the dash-dotted line indicates the maximum allowable cold region temperature of 4°C. The
temperature of the hot reservoir was set to 39°C.

4.3 Discussion

As discussed in section 3.2.3, the cold region on the chip is the most essential, since adjustment
of the cold reservoir temperature is impossible and the temperature below 4°C is an absolute
requirement to keep the Matrigel in a liquid state. The measurements have shown that an average
temperature of 3.4°C can be achieved for hot reservoir temperatures between 39 and 47°C. This
seems quite close to the 4°C limit imposed by the gelation of Matrigel. However, this relatively high
temperature could also be caused by the measurement method itself. The temperature sensors
were connected to the surface using thermal paste and tape, and covered with some isolation to
represent the normally present PDMS. The measurement itself is thus not purely a measurement
of the exact surface temperature, but will always deviate a bit towards room temperature.

Therefore, it is likely that the actual temperature of the cold region was lower, and the tem-
perature of the hot region slightly higher. Especially the probably lower cold region temperature
does not cause issues with Matrigel gelation. Thus, despite not knowing the exact surface tem-
perature, the possible measurement error is not detrimental to the functioning of the chip. Most
importantly, the cold region temperature is reproducible.

An important challenge is the prevention of bubble collection inside the thermal chambers
as described in section 4.2.2, to increase visibility and prevent heat transfer issues. The most
straightforward solution to this issue is to place the source of most bubbles, the pump, downstream
of the chambers. However, the pumps used are not usable for negative pressures, so another pump
is required for this solution. Alternatively, the thermal chambers could be redesigned as not to
capture bubbles as easily. This could include removal of sharp corners, and measures to prevent
vortex formation, without reducing the heat-transfer.

In this chapter, the temperature control chambers were validated using simulations and exper-
iments. The temperature control chambers were shown to function as intended: A homogeneous
temperature region below 4°C could be generated at the flow-focusing side of the chip, such that
Matrigel droplets can be made. A homogeneous temperature region at approximately 37.4°C could
be generated at the meandering channel section, such that the droplets can be gelated to form
beads. Using the validated temperature control chambers, the generation of Matrigel beads is
evaluated in chapter 5, after which the encapsulation of SH-SY5Y cells is tested in chapter 6.
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Chapter 5

Bead generation

Using the microfluidic chip as designed in chapter 3 and the temperature settings obtained in
chapter 4, Matrigel bead generation experiments were carried out. In this chapter, the main goal
is to show that monodisperse Matrigel beads can be produced using the encapsulation chip. In
order to do so, the generation of Matrigel droplets inside the designed chip is investigated first
in section 5.2.1, focusing on the stability of the process. In order to improve the stability and
dispersity, a surface coating is then introduced and adapted for the microfluidic chip in section
5.2.2. Next, the ability to reproducibly create monodisperse beads with this coating is shown using
measurements in section 5.2.3, after which the relation between the motion of individual droplets
in the meandering channel and observed coalescence events is investigated in section 5.2.4. The
generated beads are then transferred to cell culture medium, and their radius and dispersity is
assessed with respect to the measurements on droplets inside the device in section 5.2.5. Finally,
the results are discussed in section 5.3.

5.1 Materials and methods

5.1.1 Matrigel bead generation

At the start of the experiment, Matrigel (VWR, 734-0269) was put on ice to thaw at low temper-
ature to prevent the premature gelation of the material. Next, the temperature control section of
the setup was filled with water and turned on at the encapsulation settings described in section
4.2.1.

First, the chip outlet tube was inserted into an Eppendorf tube. For the continuous phase,
mineral oil (Sigma, M8410) containing 4 wt.% of a polysiloxane surfactant (Evonik Industries,
ABIL EM 90) was aspirated into a 1mL plastic syringe (Terumo). The syringe was installed on a
syringe pump (Chemyx, Nexus 3000), and connected to the continuous phase inlet using a 20 GA
needle tip (Techcon Systems, TE720050PK). Most of the inlet tube was filled with the continuous
phase, by briefly running the pump at 50 µL/min. For driving the dispersed phase (Matrigel), a
1mL plastic syringe (Terumo) was filled with mineral oil (Sigma, M8410). A 20 GA needle tip
(Techcon Systems, TE720050PK) was attached to the syringe, which was installed on a syringe
pump (Chemyx, Nexus 3000). The setup was now ready for injection of the Matrigel.

Using a pipette, 100 µL Matrigel was injected in the inlet of the dispersed phase, and the
prepared syringe was inserted in the tube to push the Matrigel into the cooled tube section. In
order to push all of the Matrigel in the cooled section, the pump was briefly switched on at 20
µL/min.

The chip was first filled with oil: The syringe pump of the continuous phase was turned on at
20 µL/min and left to fill the entire chip with oil and surfactant. After approximately 5 minutes,
when oil started to flow from the outlet tube, the flow-rate was reduced to 10 µL/min. The pump
for the dispersed phase was set to 5 µL/min, until the Matrigel had moved to a distance of about
5mm from the inlet of the chip. The flow-rate of the continuous phase was now set to 2 µL/min,
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and the flow-rate of the dispersed phase to 1 µL/min. Setting these final flow-rates before the
gel entered the chip ensured that the equilibration time of the droplet generating process was
minimized.

After the gel had reached the flow-focusing section, the collection of data from the bead gen-
eration process begun. Microscopic movies were made with a camera (The Imaging Source, DFK
31AU03) that was attached to an inverted microscope (WPI, INV-101). Movies were captured for
30 seconds approximately every 5 minutes, at a frame-rate of 15 Hz. These movies were made of
both the flow-focusing section and a section of the meandering channel.

When all of the Matrigel had passed the flow-focusing section after approximately 1.5 hour,
the pump for the dispersed phase was turned off. The pump for the continuous phase was set to
20 µL/min to remove all remaining beads from the chip. This also pushed any possible leftover
Matrigel back into the dispersed phase inlet, which prevented any more droplet formation. After
all beads had been moved into the collection tube, it was closed and the beads were retrieved from
the oil according to the retrieval process described in 5.1.2.

5.1.2 Bead retrieval

After generation, Matrigel beads were suspended in the continuous phase comprised of mineral
oil and surfactant. For bead stacking and cell culture experiments, however, the beads should
be transferred to cell culture medium. In order to achieve this, several washing steps in mineral
oil without surfactant and cell culture medium were performed. The oil washes were performed
to reduce the surfactant concentration, which was necessary for beads to break through the oil-
medium interface. The medium washes were performed to reduce the amount of oil in the sample.

First, an Eppendorf tube containing the collected beads in oil was centrifuged at 800 rpm for
1 minute, using a mini-centrifuge (Eppendorf, Minispin). This forced the beads to form a pellet
at the bottom of the tube. The oil supernatant was removed from the tube by aspiration, and 300
µL of fresh mineral oil was added. By aspirating with and ejecting the mixture from a pipette, the
beads were resuspended. The tube was then centrifuged again at 800 rpm for 1 minute. The oil
addition, resuspension, and centrifugation steps were repeated twice, after which the remaining
oil supernatant was removed from the tube by aspiration.

Next, the beads were washed several times with medium (Figure 5.1). First, 300 µL of cell
culture medium was added to the Eppendorf tube. The beads were then resuspended by aspir-
ating and ejecting the mixture several times using a pipette. At this point, most of the beads
already transferred from the oil to the medium. A 2 minute centrifugation step at 1000 rpm was
performed in order to force most of the beads from the remaining oil into the medium. The higher
centrifugation speed was chosen to overcome the decreased density difference between the beads
and the surrounding liquid. The medium addition, resuspension, and centrifugation steps were
repeated twice.

The oil supernatant and most of the medium was removed from the tube by aspiration, and
moved to another clean tube. Next, 300 µL of fresh cell culture medium was added to the first
tube. The beads were again resuspended by aspirating and ejecting the mixture, and centrifuged
at 1000 rpm for 1 minute. The result was three tubes filled with medium, from the three culture
medium addition steps. These tubes are referred to as wash 1, 2, and 3 respectively in the rest of
this thesis.

5.1.3 Surface coating experiment

A hydrophobic coating was applied to the microfluidic channels to ensure that the continuous
phase was wall wetting on all channel sides. In order to test the effectiveness of a coating of
octadecyltrichlorosilane (OTS) on both glass and PDMS, a contact angle experiment was carried
out. Three microscope slides and three slabs of cured PDMS were subjected to different treatments,
and the resulting contact angles of water and oil droplets were qualitatively assessed.

The first treatment was based on a glass chip coating procedure used by Roberts et al. [103],
leading to OTS grafting on glass. First, the PDMS slab and a ±2 cm2 section of the glass slide
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Figure 5.1 – Schematic representation of the bead washing process in medium, resulting in three
sample tubes marked wash 1, 2, and 3. The medium addition steps are marked M, the resuspension
steps with R, the aspiration steps with A, and the centrifugation steps with C.

were rinsed with 100 µL of anhydrous hexadecane (Sigma, 296317), after which 100 µL of a 2 vol.%
solution of OTS (Sigma, 104817) in anhydrous hexadecane was pipetted onto the samples. The
solution was left to react at room temperature for 5 minutes, and subsequently rinsed with 100
µL of hexadecane. The samples were thoroughly rinsed, first with isopropanol, then with ethanol,
and dried with a nitrogen jet.

The second treatment included a plasma ashing step before adding the 2 vol.% solution of
OTS in anhydrous hexadecane, in which the samples were subjected to a 50 W air plasma for
45 seconds using a plasma asher (Emitech, K1050X). The goal of this additional step was to also
activate the PDMS surface for chemical bonding of OTS, by hydroxylizing the surface, leading to
OTS grafting on both the glass and PDMS.

The third treatment was the control, where no OTS was added to the solution, but all rinsing
steps were exactly the same as for the previous two treatments.

After all samples had been treated, 10 µL droplets of both de-ionized water and oil were
pipetted onto the samples, and the resulting contact angle was recorded using a USB microscope
(iTEZ, eScope DP-M01).

5.1.4 Surface coating of droplet device

The protocol for OTS-coating from the previous section was adapted for use in the encapsulation
chip, where all liquids were injected using a 1mL plastic syringe (Terumo) with a 20 GA needle
tip (Techcon Systems, TE720050PK). The chip was first flushed with approximately 200 µL of
anhydrous hexadecane. It was carefully injected into the inlet for the continuous phase, until
droplets formed at both the dispersed phase inlet and the outlet. Excess liquid was removed from
the chip surface using a clean-room tissue (Texwipe, TX609). Approximately 200 µL of a 2 vol.%
solution of OTS in anhydrous hexadecane was injected into the chip using another syringe, and left
to react for 5 minutes. Next, the chip was flushed with 200 µL hexadecane, 400 µL isopropanol,
and 400 µL ethanol. The device was partially dried by injection of nitrogen gas and left to dry
completely overnight.

5.2 Results

5.2.1 Droplet generation in uncoated devices

Droplets were first generated in four devices without any surface modification. From recorded
videos of moving droplets inside the meandering channel, droplet radii were determined over the
course of the experiment (Figure 5.2). For more details on the image processing method used, see
appendix C.
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Figure 5.2 – Droplet generation data from four generation experiments using uncoated devices. All
experiments were performed with the same flow-rates for the dispersed (1 µL/min) and continuous
phase (2 µL/min). The error bars in the graph represent the standard deviation. Images A-C show
a frame of the movies from which droplet radii for the corresponding curves were determined. Image
D shows the droplet stream during one of the unstable phases at around 50 and 70 minutes in the
corresponding data. Scale bars indicate 200 µm.

In experiment A, flow-rates were varied after 30 minutes. Therefore, only the short phase at
the same flow-rates as used in the other experiments is shown. In experiment B, only two meas-
urements were done. All experiments were performed in different devices, except for experiments
C and D, for which the latter was performed in the same chip after experiment C.

In three of the four droplet experiments (A, B, and C), stable droplet generation was observed.
This is most apparent in the radius data from experiment C, where the measured radius converged
towards a constant average during the first 15 minutes. A similar convergence towards a steady
state was observed in the data from experiment A. The same was observed during experiment B,
although there is not enough data to show this.

In experiment D, radius drifting and unstable phases were observed: The average radius did not
converge towards a steady state and at around 50 and 70 minutes high coalescence and dispersity
were observed (Figure 5.2 D). This unwanted variation can be attributed to the fact that the device
had been used before: Leftover Matrigel could have solidified on the sidewalls and interfered with
the generation process.

Most importantly, however, there were huge differences between the average radii of the gen-
erated droplets in different devices: The droplet generation process was not reproducible across
devices. As previously mentioned in section 2.2, the interactions between the liquids and the solid
wall can greatly affect the droplet generation process. Since the glass side of the channel wall is
hydrophilic, the dispersed phase is wall wetting on one side of the chip. This is suspected to be
the cause for the high variability of the droplet radius.

Evidence for this theory is found in the droplet generation movies at the flow-focusing section,
from which stills of two different generation modes could be identified (Figure 5.3). The first
generation mode in the flow-focusing section, a dripping jet of approximately 400 µm had formed,
through which droplets with a radius of a little over 50 µm were generated. Part of the dripping tail
did not have a clear interface with the surrounding oil, which indicates a low contact angle between
the gel and the glass bottom (Figure 5.3 A). In an extreme case, the dripping tail had progressed
through the channel downstream of the flow-focusing section (Figure 5.3 B). In this mode, droplets
with a very large diameter were generated. Moreover, since the dripping tail progressed through
the downstream channel, the gel was subjected to a higher temperature, which caused it to solidify
on the glass bottom. This effect rendered the progression of the tail irreversible.

It is clear that for reproducible droplet generation, a solution for the hydrophilic nature of the
glass side of the device is necessary. Therefore, a coating of the glass surface is tested in the next
section.
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Figure 5.3 – Two droplet generation modes inside an uncoated device. In the first mode, a dripping
jet of approximately 400 µm breaks into droplets downstream of the flow-focusing section (A). In the
second mode, this jet has progressed several millimeters downstream and has become more irregular
and asymmetric (B). This mode is associated with generation of very large droplets. It is important
to note that these stills do not show a single droplet formation event, but rather an apparent slower
droplet release. This is caused by temporal aliasing due to the limited camera frame-rate (15 Hz). The
actual generation rate ranges from 15 to 30 Hz for these flow-rates. All scale bars indicate 100 µm

5.2.2 Hydrophobic coating

Several different treatments are available to render a glass surface hydrophobic, of which most
are based on the grafting of a silane with a hydrophobic tail onto the surface. The most effective
silanes that contain fluorinated carbon tails can render glass surfaces superhydrophobic. However,
it is also important that the surfaces remain lipophilic, such that the mineral oil used is still wall
wetting. Since octadecyltrichlorosilane (OTS) contains a long carbohydrate tail, it has lipophilic
properties, and is selected for the chip coating.

In order to assess the influence of this coating on both glass and PDMS, a contact angle
experiment was carried out using three different treatments. Treatment A is a control treatment,
where no OTS is coated onto the materials, but all rinsing steps are performed as described in
the methods section. Treatment B does contain a OTS coating step, and treatment C also adds
a plasma treatment step that should lead to OTS grafting on the PDMS surface as well. Both a
droplet of deionized water and mineral oil was pipetted onto each of the samples, and a picture
was taken of the resulting contact angle between the droplet and the surface (Figure 5.4).

On the control sample (A), the hydrophilic nature of glass is clearly visible in image A3, where
the water droplet shows a very small contact angle. The hydrophobic property of PDMS is visible
in image A4, and the lipophilic properties of both glass and PDMS are visible in A1 and A2.

The contact angles of water on both glass and PDMS are more than 90° for both treatment
B and C, which shows that both treatments make glass hydrophobic (see B3 and C3), while
maintaining the natural hydrophobic state of PDMS (see B4 and C4). Both treatments also
maintain the lipophilic properties of both glass and PDMS (see B1, B2, C1, and C2), although
it seems to be slightly less so than in the control sample. Theoretically, treatment C should
have grafted a layer of OTS on the PDMS surface as well, but this does not seem to enhance or
deteriorate the hydrophobicity.

It can be concluded that both treatment B and C work, since the glass is hydrophobic after both
treatments. Moreover, both methods produce a sufficiently stable coating, which was confirmed by
an additional contact angle measurement 24 hours after coating (data not shown). In order to keep
the coating protocol as simple as possible, treatment B is selected for adaptation to microfluidic
chip coating.
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Figure 5.4 – Contact angle images of OTS treated and untreated PDMS and glass for treatments A, B,
and C. For treatment A, the control treatment, only washing steps were performed (A). For treatment
B, the materials were subjected to a 2 vol.% solution of OTS for 5 minutes (B). For treatment C, the
materials were first treated with an air plasma and then subjected to a 2 vol.% solution of OTS for 5
minutes (C).
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Figure 5.5 – High speed camera images of stable generation in an OTS coated device, taken during
a cell encapsulation experiment. All scale bars indicate 100 µm

5.2.3 Reproducible droplet generation

After coating the encapsulation chip with OTS as described in the methods section, four more
experiments were carried out in order to test the effectiveness of the hydrophobic coating. Dur-
ing these experiments, cells were also encapsulated, which is discussed in detail in chapter 6.
High-speed camera images show that the hydrophobic coating functions as intended (Figure 5.5):
Droplets are actually generated inside the flow-focusing section, without the formation of a pro-
gressing tail.

Again, droplet radii were determined over the course of the experiment from recorded videos
of moving droplets inside the meandering channel. Additionally, the droplet generation frequency
was derived by dividing the number of counted droplets by the duration of each movie (Figure
5.6). For a detailed description of the image processing method used, see appendix C.

When comparing the average radii of the four different experiments, major improvement in
the reproducibility is observed: All devices generate droplets of almost exactly the same diameter.
Moreover, all experiments are in a stable generation regime, since the droplet radii hardly vary
over the duration of the experiment. The dispersity of the droplets, computed by dividing the
standard deviation by the average radius, varies between 2 and 3% for all experiments. This shows
that the droplets are highly monodisperse.
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Figure 5.6 – Graphs of the average diameter and the droplet generation rate for 4 independent
experiments, marked 2, 3, #, and×. Error bars indicate the standard deviation, which is approximately
1 µm for all radius measurements. The low 3 generation rate value of 13 Hz is the result of a coalescence
event, which is omitted from the average. The average droplet radii for 2, 3, #, and × are 48.4 µm,
48.8 µm, 47.3 µm, and 49.1 µm respectively. The average generation rates and standard deviations for
2, 3, #, and × are 29.1± 0.7 Hz, 27.5± 0.8 Hz, 32.5± 1 Hz, and 26.9± 1.1 Hz respectively.

The generation rate, much like the average radius, varies slightly between experiments. A lower
droplet radius corresponds to a higher generation rate (Figure 5.6). This is in agreement with the
fact that all experiments were conducted with the same flow-rates. It is important to note that
one of the frequency measurements deviates significantly from the others. This is the result of a
coalescence event upstream of the measurement position, which causes temporary blockage of the
meandering channel, and therefore temporary depletion of droplets in the measurement section.
Since in this section, the droplet generation rate and dispersity are investigated, this measurement
is excluded from all the computed averages. However, the coalescence event does influence the
dispersity of the beads that are retrieved from the device, which is discussed in more detail in the
next sections.

In conclusion, the coated encapsulation device enables the stable, reproducible generation of
monodisperse droplets with a dispersity < 3%. The overall average droplet generation rate is
29 Hz, which means that for the duration of an entire experiment (±90 minutes), approximately
1.57 · 105 droplets are generated, with an average radius of 48.4 µm. Since the aim was to produce
beads with a diameter of 100 µm, and an average diameter of 96.8 µm is achieved, this design is
usable for further experiments.

5.2.4 Droplet velocity, residence time, and coalescence

As revealed in the previous section, some coalescence events occurred inside the meandering chan-
nel section, which resulted in droplet depletion downstream of this event. In this section, the
relation between the movement of droplets through the meandering channel and these coalescence
events is investigated.

Large coalesced droplets that block the channel and cause the formation of a densely packed
droplet train were observed (Figure 5.7). This is caused by a discrepancy between the velocity of
a large and regularly sized droplet: When droplets stabilized with a surfactant coalesce to form
a larger droplet, their velocity with respect to the average fluid velocity typically decreases [104].
In order to quantify the difference, the velocity of a large, channel blocking droplet (Figure 5.7B)
is compared to the velocity of unconstrained droplets (Figure 5.8).

Droplets normally move with a velocity between 500 and 1000 µm/s. In the center of the
channel, droplets have a velocity that is equal to or less than the average fluid velocity of 1000
µm/s. Droplets near the sidewall have a lower velocity, due to the lower local fluid velocity in this
area. However, the velocity of a channel blocking droplet is approximately 630 µm/s. The velocity
difference between free droplets and a large coalesced droplet causes the formation of the densely
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Figure 5.7 – A large droplet that blocks the en-
tire meandering channel, followed by a densely
packed train of droplets (B). Droplets in this re-
gion are prone to coalesce, despite the surfact-
ant, increasing the large droplets size. More up-
stream, the droplets are less densely packed (A).
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Figure 5.8 – The velocities of individual droplets
inside the meandering channel as a function of
their position in the channel, marked with blue
dots. The dotted line shows the mean fluid velo-
city in this channel, computed based on the flow-
rate and channel dimensions. For this graph, the
velocity of 833 droplets was measured.

packed particle train. Since droplets become very closely packed (Figure 5.7 B), coalescence is
more likely to occur. This can increase the size of the leading droplet during its residence in the
meandering channel. Typically, this leads to a number of relatively large beads in the outlet of
the encapsulation chip.

Another important conclusion is that the residence time within the device can be very different
for particles near the wall and in the center. Especially since droplets typically do not move from
the wall to the center due to the laminar flow inside the device. For example, a droplet at the
lowest measured velocity (454 µm/s) takes approximately 14.5 minutes to travel through the
entire meandering channel section, while a droplet at the highest velocity (1037 µm/s) takes just
6.3 minutes. For the generation of Matrigel beads, this is not detrimental as long as the beads are
solidified within the minimum residence time.

5.2.5 Bead retrieval

Beads were retrieved from the continuous phase, and transferred to cell culture medium using
several washing steps, as described in section 5.1.2. In this section, the washing protocol is
evaluated with respect to the yield and the radius and dispersity of the obtained beads.

In the oil washing steps, some beads always remain in the continuous phase, which is the result
of the manual handling required for washing. This is undesirable, as it decreases the number of
beads available, but completely avoiding this from happening is very difficult. Fortunately, only
few beads are lost in this process.

The medium washes are more problematic in terms of bead losses. Due to the low density
difference between the beads and the surrounding liquid, centrifugation does not lead to pellet
formation as rapidly as in oil. Moreover, the beads are no longer contained within and oil-water
interface, such that they can interact with the walls of the tube and the pipette tips used for
handling. Part of the beads generally sticks to these surfaces, leading to significant bead losses.
This was observed as a visible layer of beads on the pipette tips used, indicating that a high
number of beads is lost in the retrieval process. In order to still retain enough beads for cell
culturing, all medium washing steps were used for these experiments.
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The radius of the washed beads is quantified by manual measurement of microscopic images,
since automated processing was impossible due to a lack of contrast between the beads and me-
dium. It is important to note that for this measurement, a bead generation run with a very low
level of coalescence was used, such that the effect of droplet coalescence is not incorporated in
this analysis. Based on the measurement of 87 beads obtained from the final wash of one of the
bead generation experiments (Figure 5.6), the average bead radius is equal to 46.06 µm, with a
standard deviation of 2 µm. This is slightly lower than the average droplet radius of 47.3 µm,
with a standard deviation of 1.2 µm. However, the difference is insignificant with respect to the
standard deviation.

The bead dispersity is 4.4%, which is higher than the 2.4% for droplets. However, the commonly
used definition of a monodisperse distribution is that the dispersity should be less than 5%, such
that the beads can still be considered monodisperse [65]. The increase in dispersity when the beads
are retrieved can be attributed to a number of factors, such as the fact that the washing steps
could compress and deform the beads, or that beads from the still equilibrating starting phase also
end up in the bead mixture. Another possible cause for the difference is the significantly smaller
sample size for the measurement of the bead radius: Only 87 beads were measured, as opposed to
11026 droplets.

5.3 Discussion

In this chapter, the stable and reproducible generation of Matrigel droplets with diameter of ap-
proximately 100 µm has been shown. These droplets solidify inside the device, and can be retrieved
for culture experiments in medium. However, some challenges for optimal bead generations remain
and some general platform improvements are possible. These are discussed in this section.

For future experiments, it is desirable to have full control over the diameter, in order to vary
the inter-cellular spacing between encapsulated cells. Here, only a reproducible diameter of 100
µm is shown, but smaller radii are also possible in the current device, as indicated by the radius
scaling discussed in section 2.2. For producing larger droplet diameters, the height of the device
should be adjusted, as not to create non-spherical beads.

One challenge is the reduction of coalescence in the meandering channel, which introduces
polydispersity in the final bead suspension. Although coalescence is difficult to prevent completely,
some changes to the design of the meandering channel could significantly reduce the impact on
other droplets. Since the main issue is a discrepancy between the velocity of larger coalesced
droplets and regular droplets, reducing the width of the channel could help. This should remove
the difference in velocity completely when regular droplets are also fully constrained by the channel
walls, although care has to be taken as not to generate non-spherical beads. Alternatively, the
flow-rate of the continuous phase can be increased, such that the spacing in between droplets
increases.

The most important challenge is increasing the yield of the bead retrieval method. Especially
in the cell culture medium washing steps, significant numbers of beads were lost due to their
tendency to stick to solid surfaces. Unfortunately, no quantitative measurements of the yield were
possible, but the visible layer of beads on used pipette tips indicates that a high number of beads
were lost in the retrieval process. Moreover, centrifugation of the bead suspension did not result
in the same level of separation as in oil. In order to improve the yield, the tubes and pipette
tips used could be coated with a material that prevents Matrigel adhesion, such as poly(ethylene
glycol). Additionally, an emulsion destabilizing agent could be introduced into the oil before
centrifugation, to facilitate droplet breaking [59]. However, integration of the oil washing and
medium transferring steps into the chip itself holds greater promise of a more controlled retrieval
method. For instance, a channel geometry could be incorporated that forced the beads through
co-flowing streams of clean oil (washing), and culture medium (transferring), using a micro-post
array as used by Iwai et al. [105] (Figure 5.9). Due to the slow diffusion at this scale, as discussed
in section 2.1.2, mixing of the co-flowing streams could be prevented by applying a high enough
flow-rate. Alternatively, a hydrodynamic oil replacement method similar to the method used by
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Figure 5.9 – A schematic image of the retrieval concept used by Iwai et al. to recover nanoparticles
from micro-droplets [105]. Beads are forced through a co-flowing stream of clean oil by a micro-post
array, to reduce the surfactant concentration at the interface. This enables bead release into another
co-flowing stream of medium.

Kim et al. [60] could also be employed to wash the beads on-chip.
A possible improvement for this platform is faster generation of beads: Currently, the beads

are fabricated at relatively low rates (±29 Hz), which could be increased to several kHz. If the
flow-rates are tuned well, beads of the same diameter could be generated. This would decrease
the time that cells are exposed to non-physiological conditions, and enable the fabrication of far
more beads within the same time span. However, care has to be taken as not to over-pressurize
the system, or subject the cells to too high stresses.

Another possible improvement of the platform is re-usability of the chip: The encapsulation
chip has not been successfully used for more than one bead generation experiment. The main
reason for this is that Matrigel can bond to the walls when temperature rises in between experi-
ments, interfering with the velocity field and wetting properties of the fluids in the next experiment.
For future work, re-usability of the devices is desirable, as the fabrication of one chip is quite labor
intensive. For achieving a re-usable platform, either a good device cleaning method, or another
coating that prevents Matrigel adhesion should suffice.

In this chapter, the generation of Matrigel beads was tested in the device designed in chapter
3. First, the device was shown to generate Matrigel beads in an unstable manner. In order to over-
come this, an OTS surface coating method was tested to make the chip completely hydrophobic.
This resulted in stable and reproducible generation of Matrigel droplets with diameter of approx-
imately 94.6 µm, which is close to the 100 µm diameter as intended in the design. These droplets
were gelated on-chip, and the formed beads could be recovered from the continuous phase and
transferred to cell culture medium. Next, the encapsulation of SH-SY5Y cells in Matrigel beads
is tested in chapter 6.
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Chapter 6

Cell encapsulation

The generation of Matrigel beads has been achieved in chapter 5, such that the encapsulation
of SH-SY5Y cells can be tested in this chapter, using the same microfluidic chip. First, the cell
density is chosen based on theory on the statistics of encapsulation from section 2.3.1 in section
6.1. Next, the efficiency of the encapsulation is assessed in section 6.3. Finally, the experimental
results are discussed in section 6.4.

6.1 Selecting the cell density

As discussed previously in section 2.3.1, the distribution of cells in our device follows a Poisson
distribution, which is dependent on the average number of cells per droplet (λ). This parameter
can be tuned as a function of the cell density nc, as described by equation 2.11 in section 2.3.1.

As common in literature on cell encapsulation, the aim is to maximize the number of droplets
containing a single cell, while ensuring that the number of droplets with more than one cell is
less than 4%. In our chip, the droplet generation rate at an inner flow-rate (qd) of 1 µL/min and
an outer flow-rate (qc) of 2 µL/min is approximately 29 Hz. This leads to the selection of a cell
density of 5 ·105 cells/mL, corresponding to an average number of cells per droplet λ of 0.29. From
the Poisson distribution, we can derive that 21.8% of the droplets should contain a single cell, and
only 3.5% more than one cell (Figure 2.4).

6.2 Materials and methods

6.2.1 Cell culture

SH-SY5Y cells (Sigma Aldrich, 94030304) were cultured in T75 culture flasks, under 10 mL of
DMEM-F12 medium (Biowest, L0093) supplemented with 10% Fetal Bovine Serum (FBS) (Bovo-
gen, SFBS, lot 11113) and 1% Penicillin-Streptomycin (P/S) (Westburg, LO DE17-602E). This
mixture is referred to as culture medium in the rest of the report. Culture medium was refreshed
every 3-4 days and the cells were passaged at about 80% confluence.

6.2.2 Cell suspension preparation

In order to obtain a set concentration of SH-SY5Y cells in liquid Matrigel, cells were cultured in
a T75 culture flask until they were approximately 80% confluent, as described in section 6.2.1.
These cells were used between passage 19 and 26. Before preparing the cells, Matrigel was put on
ice for it to thaw at a temperature close to 0°C. Cells were then detached from the culture flask
by adding 2 mL of Trypsin to the flask, and incubating for 5 minutes, after which the Trypsin was
neutralized by adding 8 mL of medium. The cell suspension was then aspirated and transferred to
a 15 mL falcon tube. The cells were spun into a pellet by centrifugation at 900 rpm for 5 minutes.
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All medium was removed from the tube, and the cells were resuspended in 200 µL of medium.
This suspension is referred to as the original suspension in the rest of this section.

From this suspension, 10 µL was diluted in 90 µL of medium, and used for cell counting using
a NucleoCounter (Chemometec, NC-200). The cell concentration of the original suspension was
computed, and adjusted to 10x the desired cell concentration in Matrigel by adding medium to
the tube. 100 µL of this suspension was then left on ice for a minute to let it cool before mixing
it with Matrigel. Next, 20 µL of this cell suspension was added to an Eppendorf tube containing
180 µL of thawed Matrigel, and carefully mixed using a pipette. This dilution in Matrigel resulted
in the desired concentration, which was left on ice until used for encapsulation.

Cells from the original cell suspension were passaged to a new T75 culture flask: Approximately
20 µL of this high density suspension was mixed with 10 mL of medium in a 15 mL falcon tube.
This more dilute suspension was then transferred to the flask and left in an incubator at 37°C
and 5% CO2. These cells could be cultured towards 80% confluence again, and used in future
experiments.

6.2.3 Encapsulation

Cells were encapsulated using the setup designed in chapter 3 (Figure 3.5). Before cell encapsu-
lation, the temperature control section of the setup was filled with water and turned on at the
encapsulation settings described in section 4.2.1. First, the chip outlet was connected to a sterile
Eppendorf tube, and covered with a layer of Parafilm (Parafilm, PM-996) to reduce the chance
of infection. For the continuous phase, mineral oil (Sigma, M8410) containing 4 wt.% of a poly-
siloxane surfactant (Evonik Industries, ABIL EM 90) was aspirated into a 1 mL plastic syringe
(Terumo). The syringe was installed on a syringe pump (Chemyx, Nexus 3000), and connected to
the continuous phase inlet using a 20 GA needle tip (Techcon Systems, TE720050PK). Most of
the inlet tube was filled with the continuous phase, by briefly running the pump at 50 µL/min.
For driving the dispersed phase (the Matrigel suspension), a 1 mL plastic syringe (Terumo) was
filled with mineral oil (Sigma, M8410). A 20 GA needle tip (Techcon Systems, TE720050PK) was
attached to the syringe, which was installed on a syringe pump (Chemyx, Nexus 3000). The setup
was now ready for injection of the Matrigel suspension, prepared as described in section 6.2.2.

Right before injection of the suspension, it was homogenized by slowly aspirating and ejecting
it using a 100 µL pipette. Using this pipette, 100 µL of the Matrigel suspension was injected in
the inlet of the dispersed phase, and the prepared syringe was inserted in the tube to push the
Matrigel into the cooled tube section. In order to have the complete suspension in the cooled
section, the pump was briefly switched on at 20 µL/min.

The chip was first filled with oil: The syringe pump of the continuous phase was turned on at
20 µL/min and left to fill the entire chip with oil and surfactant. After approximately 5 minutes,
when oil started to flow from the outlet tube, the flow-rate was reduced to 10 µL/min. The pump
for the dispersed phase was set to 5 µL/min, until the Matrigel suspension had moved to a distance
of about 5mm from the inlet of the chip. The flow-rate of the continuous phase was now set to 2
µL/min, and the flow-rate of the dispersed phase to 1 µL/min. Setting these final flow-rates before
the gel entered the chip ensured that the equilibration time of the droplet generating process was
minimized.

After the gel had reached the flow-focusing section, the collection of data from the encapsulation
process was initiated. Microscopic movies were made with either a regular camera (The Imaging
Source, DFK 31AU03), or with a high-speed camera (Vision research, Phantom V9). Regular
movies were captured for 30 seconds approximately every 5 minutes, at a frame-rate of 15 Hz.
These movies were made of both the flow-focusing section and a section of the meandering channel.
High-speed camera movies of the flow-focusing section were captured at a frame-rate of 3000 Hz.

When the last of the Matrigel had passed the flow-focusing section after approximately 1.5
hours, the pump for the dispersed phase was turned off. The pump for the continuous phase was
set to 20 µL/min to remove all remaining beads from the chip. Beads were recovered as described
in section 5.1.2.
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6.3 Results

Using the high speed camera images, three different cell encapsulation modes could be identified
in the encapsulation chip (Figure 6.1). As expected, both single cells and multiple cells were
encapsulated in the chip. However, some cells had formed an aggregate of two or more cells, either
in the Matrigel suspension, or upstream of the flow-focusing section. This also resulted in the
encapsulation of multiple cells (Figure 6.1 C).

A 0 ms 5 ms 10 ms 15 ms

B 0 ms 5 ms 10 ms 15 ms

C 0 ms 5 ms 10 ms 15 ms

Figure 6.1 – Three different cell encapsulation modes as captured by high-speed camera. Encapsulation
of a single cell, indicated with a white arrow (A). Encapsulation of two separate cells, indicated with
white arrows (B). At 5 ms, the second cell is not indicated since its position of is not clear. Encapsulation
of an aggregate of two cells, indicated with a black arrow at 0 ms (C). At 5 ms, the cluster is not
indicated since its position is not clear. At 10 and 15 ms, the two cells are discernible, as indicated by
white arrows. Scale bars indicate 100 µm.

In order to quantify the encapsulation efficiency, dark field images of a section of the meandering
channel were analyzed. The distribution of cells over all droplets was estimated by counting the
number of droplets containing a single cell, the number of droplets containing more than one cell,
and the total number of droplets. From this analysis, it followed that only 10.6% of the droplets
contained a single cell, while 4.1% contained more than one cell. This is very different from the
theoretical percentages of 21.8% and 3.5%, which is most likely caused by two effects that occur
inside the setup.

First, the aggregation discussed before lowered the total number of encapsulation targets in
suspension, such that the total number of droplets containing any cells decreased. Additionally,
the chance of multiple-cell encapsulation was increased, which explains the higher than expected
percentage of droplets containing more than one cell (4.1% instead of 3.5%).

Second, the cells also sedimented or attached to the bottom of the inlet tubing, which decreased
the concentration of cells in the dispersed phase. This was confirmed by an event that occurred at
the end of every experiment: When the oil-water interface that pushed the dispersed phase swept
through the device, an extremely high density cell suspension arrived at the flow-focusing section
(Figure 6.2).

0 ms 5 ms 10 ms 15 ms

Figure 6.2 – Extremely high cell density encapsulation at the end of an encapsulation run. All scale
bars indicate 100 µm.
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It is clear that the efficiency of this encapsulation method is not very high, since over 85% of
the generated droplets are empty. However, since part of the droplets did contain single cells, the
method is usable for further analysis.

6.4 Discussion

In this chapter, it has been shown that cells can effectively be encapsulated into Matrigel droplets.
However, the efficiency of the encapsulation process is not very high, and different from theory.
This could be attributed to several different causes, including cell aggregation and cell sediment-
ation in the inlet tube. In order to improve the efficiency of encapsulation and produce a higher
number of encapsulated single cells, several improvements are possible.

The issue of cell aggregation could be addressed by incorporating an aggregate-splitting mi-
crochannel design before the flow-focusing section. Mechanisms that can be used to achieve this
are generally based on subjecting the aggregates to a rapidly fluctuating velocity field, effectively
tearing them apart. Some examples to achieve this are a micro-pillar filled chamber [106], a split-
ting and merging channel section [107], and a channel of rapidly varying width to induce pinched
flow [44]. Since none of these methods require any additional inlets or outlets, they could be
integrated into the channel design in a straightforward manner.

The issue of cell sedimentation could be resolved by optimizing the angle of the inlet tube with
respect to gravity. By aligning the inlet more with gravity, cells would be driven towards the inlet
of the chip instead of the tube wall. Additionally, possible cell adhesion to the tube walls could
be prevented by applying an anti-adhesive coating, such as poly(ethylene glycol).

Although these improvements would increase the efficiency of the current device, a more rig-
orous redesign has the potential of overcoming the limits dictated by Poisson statistics. This can
either be achieved through pre-encapsulation cell ordering, or through post-encapsulation bead
sorting. Several microfluidic approaches have been developed for cell ordering, such as close-
packed ordering [108], pinched-flow ordering [44], and hydrodynamic ordering in Dean-flow [76]
or high aspect-ratio channel flow [71]. Using these methods, single-cell encapsulation efficien-
cies between 55% and 80% have been reported, which is a huge improvement compared to the
theoretical optimum of 21.8%.

However, encapsulating with 100% efficiency has not been reported anywhere in literature,
which is mainly due to the natural variability in cell size and shape. Therefore, post-encapsulation
sorting is necessary for improving the yield even further. This can either be performed on-chip,
using a fluorescent signal to distinguish between empty and filled droplets [63], or in a commercial
FACS machine [42]. Using this approach, combined with fluorescent cell labeling, would also
improve the ease of analysis. Currently, the efficiency of single-cell encapsulation is assessed based
on analysis of microscopic movies. However, the lack of contrast between the cells and their
environment makes reliable analysis a challenging task. Fluorescent labeling of the cells would
increase contrast, enabling more accurate detection of cells inside beads.

Using the encapsulated SH-SY5Y cells, the assembly of a spatially organized culture is tested
in chapter 7, with additional focus on the viability and differentiation potential of these cells.
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Chapter 7

Cell culture

In this chapter, both the assembly of a 3D culture out of the generated beads and the culturing
of encapsulated cells is discussed. First, the stacking behavior of Matrigel beads in different
environments, including mineral oil, culture medium, and a fluorinated oil, is tested in section
7.2.1. Using the cultures assembled in culture medium, the viability and differentiation potential
of the encapsulated SH-SY5Y cells is investigated in section 7.2.2 and 7.2.3 respectively. The
obtained results are discussed in section 7.3.

7.1 Materials and methods

7.1.1 Bead stacking in mineral oil

Before retrieving the beads from mineral oil as described in section 5.1.2, an experiment was
carried out to test the stacking of beads in oil. The beads used in this experiment came from a
generation run in an uncoated device, and had an average radius of 70.5 µm, with a dispersity of
3.3%.

These beads were sedimented inside a tube, and could be collected at high concentration using
a pipette. 50 µL of bead suspension was pipetted into a 96 well plate (Greiner bio-one, 655180),
after which 200 µL of mineral oil was added. This additional layer of oil prevented the oil-air
interface from pushing all beads towards the walls. The well plate was then imaged using an
inverted microscope.

7.1.2 Cell encapsulation and stacking in a fluorinated oil

Cells were encapsulated in perfluoropentane (PFP) (Strem, 09-6182) to test the oil evaporation
approach described by Fan et al. [68]. In order to achieve this, the encapsulation method described
in 6.2.3 was used with some slight modifications. PFP with 4% PFPE-PEG surfactant was used
as the continuous phase instead of mineral oil. The PFPE-PEG surfactant was kindly provided
to us by dr.ir. T.F.A. de Greef. The mineral oil used to push the Matrigel suspension was also
replaced by PFP. Additionally, the temperature of the hot region was kept at a moderate 22°C
during encapsulation, since the boiling point of PFP is at 29°C.

The resulting suspension of encapsulated cells in PFP was then used to test the stacking of
beads, in combination with evaporative oil removal. In this suspension, beads were floating on
top of the suspension, due to the high density of PFP: 1.63 g/m3. Two methods of assembly were
tested inside a 96 well µ-Plate (Ibidi, 89646). In the first method, the encapsulated cells were
transferred by first adding approximately 5 µL of the beads, and covering them with 50 µL of
culture medium. In the second method, the encapsulated cells were transferred after filling the
well with 50 µL of culture medium. The samples were then placed inside an incubator at 37°C and
5% CO2, imaged after 1 hour, and imaged again after leaving the oil to evaporate for 12 hours.
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7.1.3 Culture assembly in medium

Cells were encapsulated as described in section 6.2.3, with two modifications. First, culture me-
dium was prepared with 1% Matrigel to prevent bead disintegration and cell migration out of
the beads, as described by Dolega et al. [70]. This medium was used for both bead and control
samples. Second, 3D control samples were established from the same cell suspension in Matrigel
as used for cell encapsulation. These samples were prepared in parallel with the beads, using the
cell suspension remaining after injecting 100 µL into the encapsulation device: In 6 of the 15 wells
on a 15 well µ-slide (Ibidi, 81506), 10 µL of Matrigel cell suspension was pipetted. The samples
were then incubated at 37°C and 5% CO2 for 15 minutes, after which 50 µL of cell culture medium
was added.

The encapsulation process was finished approximately 1 hour after establishing the control
cultures, such that the bead cultures could be assembled. All three washes were used to establish
these cultures, since the yield of the retrieval protocol was too low. The tubes filled with the three
washes were first centrifuged at 1000 rpm for 1 minute, to force all beads towards the bottom.
Three wells on a 15 well µ-slide (Ibidi, 81506) were filled with 10 µL from wash 1. By aspirating the
bead suspension from the bottom of the tube, the highest possible number of beads was transferred
to each well. The same was done for wash 2 and 3. After adding the beads, 50 µL of cell culture
medium was carefully pipetted on top of the assembled beads.

The leftover bead suspension was used to establish a culture in a 96 well plate (Greiner bio-one,
655180), in order to collect more data on the encapsulated cells. Again, all three washes were used,
but since the wells were larger, 50 µL of bead suspension was injected. After adding the beads,
approximately 200 µL of cell culture medium containing 1% Matrigel was carefully pipetted on
top of the assembled beads.

7.1.4 Cell differentiation and continued culture

In order to differentiate the encapsulated SH-SY5Y cells, retinoic acid (RA) (Sigma, R2625) was
added to the culture medium at a concentration of 10 µM [33], which is referred to as differentiation
medium in the remainder of the thesis. At least 2 hours after establishing the cultures as described
in section 7.1.3, the medium was replaced with differentiation medium. This was left on the
cultures for a total of 72 hours, with a differentiation medium refreshing step after approximately
48 hours.

After the RA treatment, half of the samples received additional treatment with brain derived
neurotrophic factor (BDNF) (Life Technologies, 10908010), to enhance the differentiating effects
of RA [109]. The differentiation medium was replaced with medium containing 50 ng/mL BDNF,
which was left on the samples for 24 hours. During the rest of the cultures lifetime, regular culture
medium was used, and refreshed every other day.

7.1.5 Cell viability staining

In order to probe the viability of each sample, a ReadyProbes Cell Viability Imaging Kit (Life
Technologies, R37609) was used. This kit contained Nucblue Live reagent (Hoechst, 33342) that
stained cells with an intact membrane blue, and Nucgreen Dead reagent that stained cells with a
compromised membrane green. Samples were stained for the first time on day 3, after which the
sampled were re-stained every other day, starting either at day 5 or day 6.

For the first staining, 2 drops/mL of both reagents were added to culture medium according
to the protocol provided in this kit. For all other stainings, only 1 drop/mL was added. In order
to add the reagents, 50 µL of medium was aspirated from each well on the µ-slide, and 50 µL
of the staining medium was added. Next, the µ-slide was incubated at 37°C and 5% CO2 for
15 minutes, according to protocol. The samples were then imaged with a fluorescent microscope
(EVOS, AMF4300) with standard blue (DAPI) and green (GFP) fluorescent filters.
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7.1.6 Fixation and staining

Samples were stained for the presence of the neuron-specific protein β-tubulin III, using monoclonal
mouse anti-β-tubulin III (Sigma, T8578) as primary antibody, and goat anti-mouse IgG (H+L)
Alexa 555 (Molecular probes, A21424) as secondary antibody.

Samples were fixed by washing them three times with phosphate-buffered saline (PBS), sub-
jecting them for 15 minutes to a fixing solution of 1% glutaraldehyde (GA) (Sigma, G-6257)
and 1.85% formaldehyde (FA) (Merck, 104003.1000) in PBS, and washing them three more times
with PBS. The GA was added to prevent depolymerization of the Matrigel matrix [35]. Next,
the samples were permeabilized by subjecting them to a 0.5% solution of Triton X-100 (Merck,
1.08603.1000) in PBS for 15 minutes. Subsequently, the samples were washed two times for 5
minutes with PBS, after which a blocking solution of 10% normal horse serum (NHS) (Invitrogen,
16050-122) was put on the samples for 30 minutes. After two more 5 minute washes with PBS, a
1:200 solution of the primary antibodies in PBS with 1% NHS was left to incubate on the sample
overnight.

The next day, the samples were washed 3 times for five minutes with PBS, after which a 1:200
solution of the secondary antibodies in PBS was left to incubate for 1 hour. Subsequently, the
samples were washed 3 more times with PBS. The last wash was left on the sample, and it was
wrapped in aluminum foil and stored in a fridge until imaging. Images were either made using
a regular fluorescent microscope (EVOS, AMF4300), or a confocal microscope (Zeiss, LSM510
META NLO).

7.2 Results

7.2.1 Culture assembly: Organized bead stacking

In order to investigate the ability of Matrigel beads to self-organize in different environments,
several experiments were carried out. The self-assembling properties were investigated in three
different environments: Mineral oil, cell culture medium, and an evaporative fluorinated oil. Stack-
ing was assessed in mineral oil to test whether beads were monodisperse enough to form a regularly
spaced packing. However, for live cell culturing, the encapsulated cells had to be in culture me-
dium, such that nutrient and waste transport was possible. The fluorinated oil was tested based on
an approach for evaporative oil removal from literature [68], which should enable self-organization
in an oil environment, and subsequent transfer to culture medium.

In mineral oil, each bead was surrounded by an oil-water interface, stabilized by a surfactant.
As a result, the interaction between particles was repulsive. The driving force for bead sedimenta-
tion and packing was provided by gravity, combined with the density difference between the beads
(ρ ≈ 1 g/mL) and the surrounding oil (ρ ≈ 0.84 g/mL). Additionally, the beads were deformable,
which enabled close packing despite the slight size variation between beads. The combination
of this deformity, the driving force, and repulsive interactions resulted in organized stacking of
Matrigel beads with an average diameter of 141 µm and a dispersity of 3.3% (Figure 7.1).

Both double layers and triple layers of beads were present in the assembly. Locally, the beads
had self-organized into a highly ordered hexagonal close packing (HCP) (Figure 7.1). A more
loose hexagonal double-layered packing was also found. The fact that both loose and tight packing
occurred in the same well was likely the result of the oil-air interface, which was curved such that
it pushed on the beads in the center of the well.

It is clear that a dispersity of 3.3% or lower is enough to form an organized 3D stacking in
mineral oil. However, for cell culturing the beads have to be in medium to facilitate interaction
between cells, and nutrient and waste transport. In this situation, the driving force and bead
interactions changed, such that the stacking was not as regular (Figure 7.2 A). Only locally and
in one layer, some hexagonal ordering was observed (Figure 7.2 B).

This can be attributed to several differences between the culture medium and the mineral oil.
First, the driving force for sedimentation was a lot less than in mineral oil, due to the smaller
density difference between the beads and the surrounding medium: The medium is assumed to
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Figure 7.1 – The stacked Matrigel beads in mineral oil, with some highlights: A loose hexagonally
packed double layer of beads is traced in green, a triple layer of hexagonally close-packed beads is
highlighted in blue. The scale bar indicates 200 µm.

A B

Figure 7.2 – Encapsulated cells stacked in culture medium, showing both organized and random bead
distribution (A). The scale bar indicates 1000 µm. Close packed beads can be found inside the white
circle, and aggregated beads can be found inside the white square (B). The scale bar indicates 100 µm.

have the same density as water (ρw ≈ 1 g/mL), and the Matrigel density was estimated to be
±1.01 g/mL in section 3.1, based on the average protein concentration of 10 mg/mL. Using these
densities, the driving force can be estimated using Archimedes principle. This results in a driving
force of 0.05 nN in medium as opposed to 0.87 nN in mineral oil, indicating a reduction in force
of over an order of magnitude.

Second, since the beads are not separated by two oil-water interfaces, matrix proteins in differ-
ent beads can interact with each other. This makes beads attractive instead of repulsive. Third,
the beads do not assume a spherical shape that is as smooth as in mineral oil, which could be
the result of plastic deformations during the centrifugation steps, or the lack of an interface that
forces the beads in shape by surface tension. Although the deviations seem to be small, it could
just be enough to limit the free rotation and movement of the beads. Finally, some of the beads
have aggregated into irregular shapes (Figure 7.2 B).

For the cell culturing experiments discussed in sections 7.2.2 and 7.2.3, it is important to note
that not all wells contained an equally high number of beads. Some wells contained only a few
beads, which is a result of the manual pipetting steps involved. The samples with high bead
density were used for further analysis.

It is clear that the presence of a significant driving force and repulsive bead interactions are
important for self-organization. Therefore, a preliminary experiment was carried out to test the
assembly in an oil phase, followed by oil removal through evaporation as previously demonstrated
by Fan et al. [68]. In order to achieve this, the continuous phase was replaced by perfluoropentane
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Figure 7.3 – Encapsulated cells stacked in PFP after 1 hour of incubation, showing a monolayer of
organized beads (A). The beads have a relatively high dispersity compared to those made in mineral
oil. The positions of cells are indicated using white arrows. Encapsulated cells stacked in PFP after 12
hours of incubation (B). Most of the beads have coalesced, and some beads have become smaller and
seem to be squeezed in an oily substance. Two beads, circled in white, seem to have moved from the
PFP to the cell culture medium. The enlarged view shows a single live cell inside one of these beads.
All scale bars indicate 400 µm.

(PFP), which has a boiling point at 29°C, with a PFPE-PEG surfactant to stabilize the beads.
Since this oil is much denser than the beads (ρPFP ≈ 1.63g/mL), the beads will rise to the
oil-medium interface instead of sinking to the bottom. Unfortunately, some practical difficulties
during cell encapsulation in PFP lead to the generation of a very low number of encapsulated
cells. Therefore, only a small scale experiment could be carried out. Additionally, the beads were
more polydisperse, as a relatively large number of beads was generated in the initial (unstable)
phase.

Two different methods of establishing the culture were tested: Pipetting the beads in a µ-plate
and then adding medium, or first adding the medium and then the beads. The latter method
resulted in the least amount of coalescence, but the reason for this is yet unknown. The beads
collected at the oil-water interface, and organized in a similar manner as in mineral oil (Figure
7.3 A). The fact that only a single layer of beads is visible can be attributed to the low number
of beads in the suspension. The beads seem more deformed than in mineral oil, which could be
attributed to three factors. First, the mechanical properties of the beads might have changed, since
the encapsulation had to take place at a lower temperature of 20°C. Second, the density difference
between the beads and PFP is larger than in mineral oil, which leads to a higher buoyancy force
of approximately 3.18 nN as opposed to 0.87 nN in mineral oil. This could have increased the
load on the beads, leading to more deformation. Third, the surface tension of PFP is lower than
of mineral oil due to the lower surface energy associated with fluorinated materials, which reduces
the tension that forces droplets to become spherical.

The beads were left in an incubator at 37°C and 5% CO2 for 12 hours (Figure 7.3 B). Two
beads seemed to have moved from the PFP to the culture medium. In one of these beads, a
viable cell also seemed to be present. However, lots of beads had coalesced or reduced in size and
aggregated. The cells that still remained in these beads were most likely dead, due to nutrient
depletion and buildup of toxic metabolites. Apart from this, an oily substance remained in the
wells, which was likely the remaining PFPE-PEG surfactant. Clearly, this approach is not yet
usable for establishing an organized cell culture in medium. However, the transfer of some beads
to medium and the survival of one encapsulated cell seem to indicate that this method could be
feasible in the future.

From the performed stacking experiments, we can conclude that full spatial organization of
live cells is not yet achievable using one of the tested methods. However, we have shown that
a culture can be assembled from the encapsulated beads, by transferring them to medium and
letting them settle in a µ-slide. Moreover, the stacking experiments in both oils show that high
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levels of organization can be reached under the right conditions.

d3A d3B

d7 d7

d9 d9

Figure 7.4 – SH-SY5Y cells stained for viability in a culture from encapsulated cells stacked in culture
medium (A), and a 3D Matrigel control sample from the same batch of cells and Matrigel (B). The
samples were stained on day 3, 5 (not shown), 7, and 9, blue/green indicates an intact/compromised
cell membrane. Some variations between the images, such as the dark edges and lighter/darker center
regions, are caused by optical distortions as a result of the lens effect of the medium air interface. A
dust particle is visible (A), indicated with a white arrow. All scale bars indicate 1000 µm.

7.2.2 Cell viability: A qualitative analysis

For the successful formation of a 3D neuronal culture, it is essential that enough cells survive the
encapsulation process. In this section, the viability of encapsulated cells is assessed with respect
to 3D Matrigel control samples.

Unfortunately, a quantitative analysis of the viability was not possible for two main reasons:
First, the bead density varied between wells, which did not facilitate systematic sample comparison.
Second, the cultures were all in 3D, which made quantification of the total number of live and
dead cells very difficult. Due to the limited depth of field of the microscope used, only part of the
3D sample could be imaged at a time. In addition, cells that were out of focus could significantly
impact the signal-to-noise ratio, by introducing lens-distorted background noise.
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Figure 7.5 – A culture from encapsulated SH-SY5Y cells stacked in culture medium, stained for
viability on day 5, 7, and 9, where blue/green indicates an intact/compromised cell membrane. Cells
seem to have started to form outgrowths on day 5, but these have completely disappeared on day 9.
All scale bars indicate 100 µm.

Therefore, a qualitative analysis was performed on a typical successful culture of encapsulated
cells, and a control sample in a 3D Matrigel matrix (Figure 7.4). Both samples were generated on
the same day, from the same culture flask, using the same batch of Matrigel.

The most important observation is that almost all cells in the bead culture were alive on day
3, indicating that the encapsulation and retrieval procedure was not detrimental to cell viability.
Given that both the used oil and surfactant are not classified as biocompatible materials for cell
encapsulation, this is a very good result. Their negligible effect on cell viability can be attributed
to the relatively brief 1.5 hour exposure to the surfactant. Moreover, isolation from nutrients and
gas exchange by the oil was just as brief.

Additionally, compared to the Matrigel control sample (Figure 7.4 B d3), similar numbers of
dead cells were found relative to the total number of cells. In both samples, especially isolated
single cells seemed to have died, which was expected based on the need of neurons for interaction
with neighboring cells. On day 7 and 9, especially the viability in the control sample was decreas-
ing, although some additional cell death was also observed in the bead culture. This indicates
that the bead culture is at least as viable as the control samples.

However, some experimental differences between the two samples could have influenced the
result, limiting the validity of the comparison above. The first notable difference between the
two samples is the total number of cells: The gel control sample contained many more cells and
cell clusters than the bead sample. This difference had a number of causes, related to the way
cells were encapsulated and the beads were stacked. First, the cell encapsulation method was not
optimal, partially due to the loss of cells in the device inlet, as discussed in chapter 6. As a result,
the total number of encapsulated cells was lower than the initial total number of cells in Matrigel
suspension. Second, the total volume of gel was lower in the bead culture, due to the variability
of the number of beads that were transferred when establishing the culture. Finally, the stacking
of beads inherently resulted in a lower volume of gel in the culture, since the densest possible
packing of spheres fills only 74% of the total volume. As a result, the overall cell density reduces
with 26%, even at an encapsulation efficiency of 100% and dense packing.

The higher cell density in the control sample is expected to be the main cause of the higher
amount of cell death, since both samples received fresh medium at equal intervals. At the higher
cell concentration, less nutrients are available per cell, and the buildup of toxic waste products is
faster. Another factor that could have contributed is the seemingly higher proliferation rate in the
control sample. This is most apparent in the larger cell clusters in this sample. This can lead to
nutrient depletion and waste buildup in the core of the cluster, locally inducing cell death. This
was observed in many of the larger clusters (Figure 7.4 B d7 and d9).

Another notable thing is that the morphology of the cells changed over time. On day 3, irregular
cell clusters that formed outgrowths were observed in both samples, but on day 9 these outgrowths
seemed to have disappeared. A large cluster of cells in another bead culture was followed from day
5 until day 9 to study this in more detail (Figure 7.5). Both the cell morphology and distribution
in the 3D environment changed significantly, leading to tight clusters of cells with no extensions.

A probable cause for this cell behavior is the viability staining, which could have interfered
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Figure 7.6 – Two samples from the same batch of SH-SY5Y cells in a 3D Matrigel matrix, treated
with RA and imaged on day 7. One sample in a µ-slide, which had repeatedly been stained for viability,
contained cells that had not formed connections and had a spherical morphology (A). The other sample
in a 69 well plate, which had not been stained, contained cells that formed neurites and connections
(B). Scale bars indicate 400 µm.

with the cell development. This becomes apparent when comparing a Matrigel control sample that
had been stained for cell viability with a sample that had not been stained (Figure 7.6). While
the untreated sample showed cells that were spread throughout the culture, with an abundance
of extensions and connections, the stained sample showed mostly isolated, spherical cell clusters.
The viability live-staining seems to have affected the cell culture, influencing both the morphology
(no outgrowth formation) and cell distribution (cells formed tight, spheroid-like cultures).

Despite this detrimental impact on cell morphology, it is clear that the encapsulation, retrieval,
and assembly processes enable the creation of a 3D culture from encapsulated SH-SY5Y cells. The
bead culture remains viable for at least 9 days, which should be enough for neuronal differentiation,
discussed in the next section.

7.2.3 Cell differentiation

Each culture was treated with RA to drive differentiation, such that the SH-SY5Y started to
form neurites, and connect to one another. Differentiation was assessed based on morphological
properties of the cultured cells in the form of neurite outgrowth and antibody staining for β-
tubulin III, which is a neuron specific component of the cytoskeleton. In this section, the main
goal is to determine if the encapsulated cells did not only remain viable, but also retained their
differentiation potential. This is an essential part of the formation of a neuronal network by
SH-SY5Y cells.

Phase contrast images were made of beads containing single SH-SY5Y cells that were treated
with RA. Single cells inside beads had formed outgrowths on day 3, indicating that the cells were
driven to form neurites by RA (Figure 7.7 A-C). Although these images were made on day 3, which
was too early to determine whether the outgrowths were neurites, the first developments seem to
indicate that the cells are in the right environment for differentiation. A cell that had formed
two outgrowths, of which one had fully penetrated a neighboring bead, was also observed on
day 4 (Figure 7.7 D). This indicates that the formation of connections between beads is possible,
if neighboring beads contain cells. In cultures that were not treated with a viability staining,
outgrowths were also observed on day 7 (Figure 7.7 E), including very long ones that penetrated
the environment outside of the bead (Figure 7.7 F). This shows that SH-SY5Y cells can also
differentiate over a longer time span, as long as no viability staining is performed.

In two cultures in a 69 well plate, cells were close enough to form connections (Figure 7.8).
Two cultures are shown: One with a relatively high number of beads (A, B), and one with a very
low number of beads (C, D). In the culture with many beads, local clusters of cells with many
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Figure 7.7 – Encapsulated SH-SY5Y cells treated with RA for 72 hours, showing developing neurites.
The encapsulating beads are surrounded by a white circle, and the approximate endpoints of developing
neurites are indicated with a white arrow. Single-cells with developing neurites were captured in different
wells from a sample in a µ-slide on day 3 (A-C), in a 96 well plate on day 4 (D), and in a µ-slide that
had not been stained for viability on day 7 (E, F). All scale bars indicate 100 µm.

connections had formed. These cells formed a network in a 3D environment, which was most
apparent where one cell cluster with several neurites connected to a cell cluster that was not in
focus (Figure 7.8 B). It is not completely clear whether these connected cells were all original cells
that were present during encapsulation, or whether they were the result of proliferation inside the
culture.

In the dilute bead culture, something interesting happened: Again cells seem to have formed
a network, but seemingly around the few beads that were present in the well (Figure 7.8 C, D).
From this position, the cells connected to other cells that were in a 2D conformation (Figure 7.8
D). This cell behavior can possibly be exploited to create a different type of 3D culture, where cells
locally are in a 3D configuration, while communicating with other isolated 3D cultures. However,
within the context of this thesis, this behavior is unwanted.

It is important to note that half of the culture samples was also treated with BDNF, but no
notable difference was observed. This might have been a result of the issues related to the viability
staining, or due to the culture stacking variability between different samples.

In order to determine whether the observed morphological changes are actually showing differ-
entiation into neurons, an antibody staining was performed. Unfortunately, many samples were
lost in the fixation process, due to depolymerization of the Matrigel hydrogel when only using
formaldehyde as a fixation agent. By including GA in the fixation solution [35], this problem was
circumvented, such that a sample could be fixed and stained for β-tubulin III. This sample did
not contain a large number of beads, such that a true 3D stacking of encapsulated cells could not
be observed. Despite having been treated with the viability staining once, some cells had formed
outgrowths (Figure 7.9).

Several cells were stained positively for β-tubulin III (red) (Figure 7.9 A, B), indicating that
the cells had indeed differentiated into neurons. The larger red spheres that appear in the image
are actually Matrigel beads that have become auto-fluorescent due to the GA used for fixation.
Interestingly, most cells seem to lie in the same plane, which indicates that they have migrated
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Figure 7.8 – Encapsulated SH-SY5Y cells in bead culture in a 69 well-plate, treated with RA for
72 hours. Morphologically differentiated cells that locally form networks can be found in a culture
containing many beads (A, B). In the enlarged view in (A), bead edges are outlined using black dots.
3D connectivity was observed in a cell cluster with several neurites, which connected to cells in a
different focal plane (B). The cell cluster is circled in white, and the cells it connects to are circled in
black. The neurite connection is indicated with an arrow. In a dilute bead culture, neuronal cells were
found to grow around beads (C, D), while connecting to neuronal cells in 2D conformation. The beads
are indicated with an arrow, and the 2D neuronal cells are roughly outlined in white. Some oil residue
was also found in this culture, as indicated by black circles (C, D). All scale bars indicate 200 µm.
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Figure 7.9 – Fluorescent and phase contrast image of differentiated SH-SY5Y cells in Matrigel bead
culture, fixed on day 10. Cells were stained for the DNA inside the nucleus (blue) and the neuron
specific protein β-tubulin III (red). The fixation protocol caused some autofluorescence of the beads
(red). Several differentiated cells forming neurites and connections were found (A, B). Some neurites
are indicated using white arrows. The scale bar indicates 100 µm. In the same culture, a single
differentiated cell with a neurite inside a Matrigel bead was also found (C, D). The approximate shape
of the surrounding bead is indicated using white or red dots (C, D), the position of the cell body with
a white arrow (D), and the neurite end with a black arrow (D) Here, the scale bar indicates 50 µm.

towards the bottom of the culture. Just one single cell that was clearly growing a neurite inside
a bead can be identified (Figure 7.9 C, D).

In order to obtain a more complete image of the 3D morphology of the differentiated neurons,
confocal images were made of a bead culture and a gel control culture (Figure 7.10). Due to
limitations of the used confocal microscope, only the β-tubulin III staining is shown. Several
neurons were found in a bead culture, with clearly discernible connecting neurites (Figure 7.10
A). Some cells had a spherical morphology without any processes, which is thought to be related
to the viability staining as argued before. One neuron in particular had formed outgrowths that
were clearly in 3D, which is especially visible in the projections that show the height. Multiple
upward pointing extensions can be identified, which indicates the neuron is encapsulated inside a
bead, although it is difficult to discern the bead itself.

Similarly, both cells with neurites and spherical cells are visible in the 3D Matrigel control
sample (Figure 7.10 B). Interestingly, both cells that have formed neurites and the cells with
spherical morphology stain positively for β-tubulin III, which could indicate that even the cells
with no neuronal morphology have been driven to differentiate to some extent. However, since
these cells do not form connections, they will never be able to form a neuronal network, as is the
case with neurite carrying cells.
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Figure 7.10 – Orthogonal highest-intensity projections of a z-stack of confocal images of encapsulated
SH-SY5Y cells (A), and a 3D control sample from the same batch of cells and Matrigel (B) stained for
β-tubulin III. In the sample from encapsulated cells ,a neuron that has formed outgrowths in 3D inside
a bead is circled, and two cells that have not formed neurites, but did positively stain for β-tubulin
III are indicated with white arrows (A). In the control sample, some neurites are indicated with arrows
(B). The samples were fixed and stained on day 10. The scale bars indicate 100 µm.

7.3 Discussion

In this chapter, the assembly of a 3D culture from the encapsulated cells is shown. The cells
are viable after encapsulation, and retain their differentiation potential. However, the spatial
organization of encapsulated cells through bead stacking in cell culture medium has not been
achieved yet. This is mainly the result of the lack of a driving force for self-organization, and the
attractive interactions between beads. Possible solutions are therefore based on changing either
the driving force or the interactions.

Currently, the only driving force for packing the beads is gravity, which leads to a net buoyancy
force on each bead. For beads in medium, this driving force is very limited due to the small
density difference between beads and medium. Since buoyancy scales linearly with acceleration,
centrifugation could be employed to increase the net driving force for bead motion. However, this
might damage the beads themselves, or even force cells out of beads. In order to specifically drive
the beads, a bio-orthogonal method could also be applied. For example, small paramagnetic beads
could be encapsulated in the beads, along with a cell. By applying a magnetic field gradient to the
suspension, the beads could be forced in the direction dictated by the magnetic field. However,
this method would complicate the setup, as local control over a magnetic field gradient is required.
Moreover, the paramagnetic beads could have adverse effects on the encapsulated cells.

The most viable option for driving bead ordering might be the use of flow in a microfluidic
device. Droplet self-assembly into an organized packing has already been demonstrated inside a
microfluidic device [110]. By integrating a sieve structure into the assembly chamber, the self-
assembled droplets could be captured. An interesting property is that the driving force becomes
a function of the distribution of beads: If a certain area of the sieve is not covered in beads, the
lower local hydraulic resistance will increase the flow into this area, leading to the addition of more
beads. In addition to the previously demonstrated self-assembly, a reason for selecting this option
as the most viable method is the fact that flow acts mostly on the boundaries of the beads. This
should limit the possible damage or disturbances inside of a bead, which could be detrimental to
the encapsulated cells.

In an attempt to assemble the culture in an oil that can be removed by evaporation, per-
fluoropentane was used for encapsulation. The experiment shows that high levels of self-organization
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can also be achieved in this environment. However, some challenges still have to be overcome be-
fore this method could be used to establish an organized culture. First, the encapsulation process
itself has to be modified to work with a low boiling-point liquid, such that stable encapsulation
is possible. Second, the coalescence of the beads during evaporation should be prevented, which
could be possible by optimizing the surfactant concentration, or evaporation at a lower temperat-
ure. Third, there are still some uncertainties about the influence of evaporation on the beads, and
the influence of the surfactant on the evaporation process. Therefore, more research is required to
determine the feasibility of the method.

Alternatively, the interaction between beads could be modified by changing the encapsulation
material. The fact that Matrigel gelates at temperatures above 10°C is thought to be the reason
for the observed bead interactions; The protein constituents are still able to form bonds with
the proteins in other beads. The most straightforward manner to avoid this would be to select
a hydrogel that only gelates in the presence of a certain stimulus that is not present in culture
conditions. An example of such a hydrogel is alginate, which gelates in the presence of divalent
ions [62]. Other hydrogels that use a cross-linking molecule for gelation, such as hPG-PEG [69],
could also be used. Another option is to add the other material as a layer around the beads, for
instance by encapsulating the beads in this other material. However, the impact of using another
hydrogel on the development of SH-SY5Y cells has to be carefully assessed before implementing
such a solution.

When both the encapsulation efficiency and the stacking have been improved, the cell density
and distribution is more controlled. However, for accurate comparison with a 3D Matrigel culture,
the density of these control samples have to be tuned to take the 26% reduction in cell density
due to the sphere packing into account.

For future work, it is essential that the differentiation and network formation of SH-SY5Y cells
in bead culture is assessed over a longer time span. Since the viability staining used has been
shown to affect both the morphology and distribution of cells, this staining is not to be used as a
mid-point measurement, but rather as an end-point measurement.

In conclusion, both the viability and differentiation experiments have shown that cell encapsula-
tion for the establishment of a 3D neuronal culture is feasible: The cell viability is not significantly
affected by the encapsulation procedure or the retrieval process, and the SH-SY5Y retain their
differentiation potential in the beads.
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Conclusions and recommendations

In this work, the main aim was to develop an approach to spatially organize neuronal cells in a
3D cell culture, based on the encapsulation of single cells into monodisperse hydrogel beads. To
tackle this challenge, four sub-goals were defined in section 1.0.1 (Box 2).

BOX.2: The aims of this project.

1. Develop a temperature control method for a microfluidic droplet generator
2. Implement the developed temperature control method in a microfluidic device that can
generate monodisperse Matrigel beads.
3. Achieve single-cell encapsulation in monodisperse Matrigel beads of live SH-SY5Y cells.
4. Assemble the encapsulated cells into an organized and viable culture, that can form a
network.

In section 8.1, the main conclusions that can be drawn from the work presented in this thesis
are discussed for each of the defined goals. Recommendations for the future development of this
approach for spatially organizing neuronal cultures are provided in section 8.2.

8.1 Conclusions and outlook

Temperature control for Matrigel bead generation
Local control over temperature of the microfluidic device was necessary to generate monodisperse
Matrigel beads. A cold region with a temperature between 0 and 4°C was required for droplet
generation of liquid Matrigel. A hot region with a temperature of 37 °C was required for gelation
of Matrigel, counteracting droplet coalescence, and maintaining cell viability. In this work, a tem-
perature control device was designed based on the exchange of heat between the microchannels
and two chambers below the chip. The design was validated using simulations of heat-transfer
and temperature measurements on the device. Additionally, a calibration curve was derived based
on temperature measurements. Using this curve, we have shown that the temperature control
method enables the generation of a cold region below 4°C and a hot region at 37°C, as required
for Matrigel droplet generation and on-chip bead gelation. Therefore, we can conclude that the
first aim, the development of a temperature control method for a microfluidic droplet generator,
has been achieved.

Reproducible monodisperse Matrigel bead generation
Using the validated temperature control chambers, monodisperse Matrigel beads were generated
in the designed chip. A hydrophobic surface coating was applied to the device, such that the
generation of monodisperse beads was reproducible across different devices. We have shown that
Matrigel droplets can be generated with an average diameter of 94.6 µm and dispersity of 2.4%.
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The droplets gelated on the microfluidic chip and could be retrieved from the continuous phase,
using several washing steps with oil and culture medium. In the resulting bead suspension, a slight
decrease of the average bead diameter was observed, resulting in a final average diameter of 92 µm.
The dispersity increased to approximately 4.4%, which is below the 5% limit for monodispersity.

Several challenges still remain, such as reducing the observed coalescence of droplets on the
chip, which is thought to be one of the causes for the increased dispersity. Another challenge is
increasing the low yield of the bead retrieval process, during which a significant part of the gen-
erated beads was lost. Recommendations for overcoming these challenges are provided in section
8.2. Nonetheless, we can conclude that the second aim, the generation of monodisperse Matrigel
beads, has also been achieved.

Single-cell encapsulation of SH-SY5Y cells
SH-SY5Y cells were encapsulated in Matrigel beads by suspending the cells in the Matrigel during
droplet generation in the microfluidic chip. An optimal cell density was selected based on the
Poisson statistics that govern encapsulation, such that a high number of beads (21.8%) should
contain a single cell, and only 3.5% more than one cell. However, the measured percentage of
beads containing a single cell was just 10.6%, and the percentage of beads containing multiple
cells was 4.1%. This could be attributed to cell aggregation and sedimentation before encapsula-
tion, which increased the chances for multiple-cell encapsulation and reduced the number of cells in
suspension. Although we can conclude that the third aim has been achieved, given that single-cells
were encapsulated, encapsulation at higher efficiency is necessary for the success of the approach
for spatial organization. Recommendations for improving the efficiency are provided in section 8.2.

Spatially organized culture of viable and differentiated SH-SY5Y cells
Using the encapsulated cells, a 3D culture of SH-SY5Y cells has successfully been established.
However, due to the aforementioned low encapsulation efficiency, single cells were too isolated
to form a network in most cases. Additionally, the spatial organization of encapsulated cells
in culture has not been achieved yet. When the beads were still in the continuous phase, near
perfect hexagonal bead packing was observed. However, when the culture was assembled in cell
culture medium, this level of organization was no longer achieved. This is expected to be the
result of the lack of a significant gravitational driving force, due to the small density difference
between the beads and the medium. Additionally, the beads seem to bond together, such that the
self-organization process is disrupted.

Despite the low cell density and lack of spatial organization, the impact of the encapsulation
on cell viability and differentiation potential could be assessed in the established bead cultures.
Using a viability staining, the encapsulated cells were shown to be viable for at least 9 days after
encapsulation, which indicates that this process is not detrimental for cell viability. In addition,
neurite formation and positive antibody staining for β-tubulin III was observed in bead culture,
which indicated that the SH-SY5Y also retain their differentiation potential. It is important to
note that in one sample that contained groups of SH-SY5Y cells at a high enough density, local
growth of a highly connected network was observed, indicating that the bead environment is
supportive of network formation.

These results show that the use of microfluidic encapsulation and culture assembly are compat-
ible with SH-SY5Y cells, which is essential for future development of this technology. Therefore,
we can conclude that the fourth aim, assembly of a spatially organized and viable neuronal cul-
ture that is able to form a network, is partially achieved. Recommendations for improving spatial
organization in future work are provided in section 8.2.

Outlook
In this work, we have shown that single-cell encapsulation in Matrigel can be achieved using the
developed setup. Moreover, the cells survive this process and retain their potential to differentiate
and even form a network. When the proposed improvements in the next section are implemented,
full control over the spatial organization in a 3D neuronal culture should be achievable. This is
a great step forward in developing brain tissue models to study the underlying mechanisms of
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brain diseases, in combination with a read-out of electrophysiology via MEA. In future work, the
method could also be applied to co-culture different cell types, to further increase the relevance for
studying more complex brain diseases. An example is Alzheimer’s disease, which arises from the
disruption of multiple cell types. Additionally, the approach is not limited to neuronal cultures,
but could also be applied for achieving organization in other kinds of tissue.

8.2 Recommendations

Several challenges remain before the proposed approach for spatial organization is fully functional.
In this section, recommendations are provided in order to address the main challenges, or improve
the technology. Recommendations relevant to specific experimental details are provided in the
discussion sections of chapters 4 – 7.

Expanding the radius range for future experiments
For future experiments, it is desirable to have full control over the diameter, in order to vary the
inter-cellular spacing between encapsulated cells. Here, only a reproducible diameter of approx-
imately 100 µm is shown, but smaller radii are also possible in the current device, as indicated by
the radius scaling discussed in section 2.2. For producing larger droplet diameters, the height of
the device should be adjusted, as not to create non-spherical beads.

Improving the yield of bead retrieval
A microfluidic approach is recommended for improving the yield of the bead retrieval process.
Incorporation of a channel design that enables the transfer of beads from the oil phase to medium
could greatly improve the controllability of the process. For instance, a channel geometry could
be incorporated that forces beads through co-flowing streams of clean oil to reduce surfactant
concentration, and culture medium, using a micro-post array [105]. Due to the slow diffusion at
this scale, as discussed in section 2.1.2, mixing of the co-flowing streams could be prevented by
applying a high enough flow-rate. Alternatively, a hydrodynamic oil replacement method similar
to the one described by Kim et al. could be employed to wash the beads on-chip [60].

Preventing coalescence in the encapsulation chip
A design change to the meandering channel section is proposed to reduce the risk of coalescence.
As described in chapter 3, this channel section was optimized to minimize the pressure drop,
which resulted in a relatively wide channel. Since the device is operated at relatively low flow-
rates relative to the designed maxium, the channel width could easily be reduced, in order to
decrease coalescence due to collisions caused by different droplet velocities.
m
Reducing cell loss and aggregation in the encapsulation chip
Cell loss in the inlet of the device could be prevented by incorporating an anti-adhesive coating,
such as poly(ethylene glycol). Alternatively, the inlet channel could be placed at a more vertical
angle, such that gravity drives the cells towards the device instead of the tube walls. The issue of
cell aggregation could be addressed by incorporating an aggregate-splitting microchannel design
before the flow-focusing section. Examples to achieve this are a micro-pillar filled chamber [106],
a splitting and merging channel section [107], and a channel of rapidly varying width to induce
pinched flow [44]. All of these methods could be integrated into the channel design in a straight-
forward manner, since no additional inlets and outlets are required.

Increasing the single-cell encapsulation efficiency
The encapsulation efficiency can be improved using two different methods: Pre-encapsulation or-
dering of cells and post-encapsulation sorting of beads. For optimal yield of beads containing a
single cell, a combination of both methods is recommended. Pre-encapsulation ordering methods
overcome the Poisson statistics by ordering cells such that they arrive in sync with the droplet
generation process. Several examples are close-packed ordering [108], pinched-flow ordering [44],
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and hydrodynamic ordering in Dean-flow [76] or high aspect-ratio channel flow [71]. Using these
methods, single-cell encapsulation efficiencies between 55% and 80% have been reported, which is
a huge improvement compared to the theoretical optimum of 21.8%. Post-encapsulation sorting
can then be applied to further refine the beads, which can either be performed on-chip, using a
fluorescent signal to distinguish between empty and filled droplets [63], or in a commercial FACS
machine [42].

Achieving organized packing of Matrigel beads in medium
As opposed to the challenges addressed above, a solution to the issue of a lack of organization is less
straightforward. However, it is expected that a microfluidic approach is the most feasible option.
By driving the beads to self-assemble inside a confined microfluidic chamber with integrated sieve,
organized stacking is likely achieved. Using this flow-based approach, the driving force for bead
organization becomes a function of the distribution of beads: If a certain area of the sieve is not
covered in beads, the lower local hydraulic resistance will increase the flow into this area, leading
to the addition of more beads. Alternatively, the evaporative removal of oil tested in chapter 7
could be investigated further.
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Appendix A

COMSOL simulations of heat
transfer and flow

A simulation model was built in COMSOL to evaluate the temperature distribution throughout
the encapsulation device as a function of the cooling and heating water flow-rate. In this model,
three different types of physics were integrated in the simulation: incompressible laminar flow,
heat conduction in solids, and heat conduction in liquids. Laminar flow was assumed because the
Reynolds number did not exceed 2300 for any of the simulated flow-rates. Only the steady-state
solution was computed.

The solid part of the 3D simulation model consisted of three parts: a model of the temperature
chambers, a model of the glass slide, and a model of the PDMS layer (Figure A.1). The temperature
chambers were modeled as a single piece of PMMA, in which the chambers were formed by two
cavities, neglecting the influence of the silicone sealant. The PDMS chip was modeled as a single
slab assumed to be 4 mm thick, neglecting the influence of the microchannel geometry. The
material properties of the simulated materials can be found in table A.1.

A natural convection boundary condition was applied to the outer surfaces of the device,
assuming the surrounding air had a temperature of 20°C. This was implemented separately for
the top, side, and bottom surfaces, such that the different modes of natural convection were taken
into account.

Figure A.1 – A schematic of the 3D simulation model of all solid components of the encapsulation
device.
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Table A.1 – Material properties of PDMS, glass, and PMMA in COMSOL

Material Density Heat capacity Thermal conductivity
[kg/m3] [J/kgK] [W/mK]

PDMS 970 1460 0.16
glass 2203 703 1.05
PMMA 1190 1470 0.18

Figure A.2 – A schematic of the 3D simulation model of the fluid inside the temperature chambers
of the encapsulation device. The arrows indicate where the water inlet is modeled. The outlets are on
the other side of both chambers.
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Figure A.3 – The physical properties of water in the COMSOL library, including the density, viscosity,
thermal conductivity, and heat capacity as a function of temperature.
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Inside the cavities of the solid part of the model, the heating and cooling fluid was modeled
as well. The liquid model of the 3D simulation model consisted of two parts, representing the
two temperature chambers (Figure A.2). The material was defined as water from the COMSOL
library, in which the density, viscosity, thermal conductivity, and heat capacity were a function of
temperature (Figure A.3).

At the inlets, a fixed flow-rate was prescribed, assuming fully developed flow. Here, the water
temperature was set to a fixed value of 0°C at the inlet of the cold chamber, and 50°C at the
inlet of the hot chamber. At the outlets, the pressure was set to atmospheric pressure. All other
boundaries were modeled as solid boundaries on which a no-slip boundary condition was applied.
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Appendix B

Arduino controlled temperature
sensors

An array of temperature sensors was built to quantify a thermal gradient across a surface, that
ranges from 0°C to 50 °C. The array consists of 5 independent thermistors coupled to an Ardu-
ino UNO board, which measures the resistance of each sensor and converts it to a temperature
in Celsius. In this appendix, the properties of the used thermistors, the Arduino interface, and
Matlab data logging code are presented.

Thermistor properties
In order to be able to measure the temperature range, thermistors with a negative temperature
coefficient (NTC) are used (Amphenol Advanced Sensors, DC95F502W). This sensor type has an
accuracy of ±0.2°C over a range between 0°C to 70 °C [111], and the relation between the NTC
electrical resistance and their temperature is known (see equation B.1) [112].

T =

[
a+ b · ln

(
Rt
R25

)
+ c · ln

(
Rt
R25

)2

+ d · ln
(
Rt
R25

)3
]−1

(B.1)

In this equation, T is the temperature in Kelvin, Rt the electrical resistance of the NTC in Ohm,
and R25 the electrical resistance of the NTC at 25°C, which is 5kΩ for this model. The values for
constants a, b, c, and d are found in Table B.1.

Table B.1 – Sensor constants for DC95F502W thermistor

Constant Value
a 3.3540154 · 10−3

b 2.5627725 · 10−4

c 2.0829210 · 10−6

d 7.3003206 · 10−8

Arduino wiring and code
In order to measure the resistance of an NTC, a voltage divider is used for each of the 5 sensors
(Figure B.1). The Arduino board has 5 separate analog input ports (A0-A4), that are used to
measure the output potential of each voltage divider. In this configuration, the resistance of the
NTCs can be computed as a function of the voltage measured at the analog ports A0-A4, through
equation B.2, where R2,4,... is the resistance of the NTC,R1,3,... the resistance of the static resistor,
and VA0,1,... the voltage measured in the analog port on the Arduino.
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Figure B.1 – Wiring scheme of the parallel voltage dividers for the NTCs. R1 ,R3 ,R5 ,R7, and R9
have a resistance of 4.7kΩ, R2 ,R4 ,R6 ,R8, and R10 are the variable resistances of the NTCs, and
A0-A4 correspond to the analog ports on the Arduino board.

R2,4,... = R1,3,... ·
(

5

VA0,1,...

− 1

)
(B.2)

The calculation of the temperature as measured by the individual NTCs takes place locally on the
Arduino board, based on equations B.1 and B.2. The Arduino performs the computations and
sends the measured temperature to a serial port each 0.5 second. The complete code used for this
purpose is shown in below.

// File: Temperature measurement.ino

void setup() {
Serial.begin(9600); // open serial port and set data rate to 9600 bps

Serial.println("Thermistor measurement:");

Serial.println("\n time T0 T1 T2 T3 T4");

}

// -- loop() is repeated indefinitely

void loop(){
int Thermistor0 = A0; // Analog input pin 0 for thermistor voltage

int Thermistor1 = A1; // Analog input pin 1 for thermistor voltage

int Thermistor2 = A2; // Analog input pin 2 for thermistor voltage

int Thermistor3 = A3; // Analog input pin 3 for thermistor voltage

int Thermistor4 = A4; // Analog input pin 4 for thermistor voltage

float R0 = 4700.0; // Fixed resistance in voltage divider 0

float R1 = 4700.0; // Fixed resistance in voltage divider 1
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float R2 = 4700.0; // Fixed resistance in voltage divider 2

float R3 = 4700.0; // Fixed resistance in voltage divider 3

float R4 = 4700.0; // Fixed resistance in voltage divider 4

float R25 = 5000.0; // NTC Resistance at 25 degrees

float logRt R25,Rt; // Float variables for temporary storage

int Vo; // Integer variable of voltage reading

float T0,T1,T2,T3,T4; // Float variables for temperature readings

// constants for Volt-Kelvin conversion

float c1 = 3.3540154E-03, c2 = 2.5627725E-04, c3 = 2.0829210E-06, c4 =
7.3003206E-08;

// Computing temperature of sensor 1

Vo = analogRead(Thermistor0);

Rt = R0*( 1023.0 / float(Vo) - 1.0 );

logRt R25 = log(Rt/R25);

T0 = ( 1.0 / (c1 + c2 * logRt R25 + c3 * logRt R25 * logRt R25 + c4 *
logRt R25 * logRt R25 * logRt R25 ) ) - 273.15;

// Computing temperature of sensor 2

Vo = analogRead(Thermistor1);

Rt = R1*( 1023.0 / float(Vo) - 1.0 );

logRt R25 = log(Rt/R25);

T1 = ( 1.0 / (c1 + c2 * logRt R25 + c3 * logRt R25 * logRt R25 + c4 *
logRt R25 * logRt R25 * logRt R25 ) ) - 273.15;

// Computing temperature of sensor 3

Vo = analogRead(Thermistor2);

Rt = R2*( 1023.0 / float(Vo) - 1.0 );

logRt R25 = log(Rt/R25);

T2 =( 1.0 / (c1 + c2 * logRt R25 + c3 * logRt R25 * logRt R25 + c4 * logRt R25

* logRt R25 * logRt R25 ) ) - 273.15;

// Computing temperature of sensor 4

Vo = analogRead(Thermistor3);

Rt = R3*( 1023.0 / float(Vo) - 1.0 );

logRt R25 = log(Rt/R25);

T3 = ( 1.0 / (c1 + c2 * logRt R25 + c3 * logRt R25 * logRt R25 + c4 *
logRt R25 * logRt R25 * logRt R25 ) ) - 273.15;

// Computing temperature of sensor 5

Vo = analogRead(Thermistor4);

Rt = R4*( 1023.0 / float(Vo) - 1.0 );

logRt R25 = log(Rt/R25);

T4 = ( 1.0 / (c1 + c2 * logRt R25 + c3 * logRt R25 * logRt R25 + c4 *
logRt R25 * logRt R25 * logRt R25 ) ) - 273.15;

// The time and temperature readings are sent to the serial port

Serial.print(T0);
Serial.print(" "); Serial.print(T1);
Serial.print(" "); Serial.print(T2);
Serial.print(" "); Serial.print(T3);
Serial.print(" "); Serial.println(T4);
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// A delay of 500ms

delay(500);

}

Matlab data logging code
In order to store the measured temperatures as a function of time, a Matlab script was written to
log the data received from the Arduino board. The script continuously reads the incoming data,
and produces a live-plot of the measured temperatures as a function of time. When the live-plot
is closed, all data is saved to a Matlab data file. The complete Matlab script used for this purpose
is shown in below.

%% DATA interface temperature measurements with Arduino ===================
% This scripts reads data from the Arduino controlled temperature sensor
% array, through the specified serial port. The data is displayed in a live
% plot, and saved to a .mat file after completing the session. Closing the
% live plot terminates the session.
% =========================================================================

%% clear all current data, plots, and command line info
clear all
close all
clc

%% Constants
serialPort = 'COM3'; % define COM port #
baudeRate = 9600; % define the transfer rate
plotTitle = 'Serial Data Log'; % plot title
xLabel = 'Elapsed Time (s)'; % x-axis label
yLabel = 'Data'; % y-axis label
plotGrid = 'on'; % 'off' to turn off grid
min = 0; % set y-min
max = 70; % set y-max
scrollWidth = 60; % the maximum displayed x-axis width
delay = 0.5; % the sample delay
save name = 'data.mat'; % name of the save file

%% Definition of variables
time = 0; % time of measurement
temp1 = 0; % measurement of temperature sensor 1
temp2 = 0; % measurement of temperature sensor 2
temp3 = 0; % measurement of temperature sensor 3
temp4 = 0; % measurement of temperature sensor 4
temp5 = 0; % measurement of temperature sensor 5
count = 0; % the number of measurements

%% Initializing the live plot
plotGraph = plot(time,temp1,time,temp2,time,temp3,time,temp4,time,temp5);
legend('T1','T2','T3','T4','T5','Location','SouthWest');
hold on
title(plotTitle,'FontSize',25);
xlabel(xLabel,'FontSize',15);
ylabel(yLabel,'FontSize',15);
axis([0 10 min max]);
grid(plotGrid);

%% Open Serial COM Port
s = serial(serialPort, 'BaudRate',baudeRate);
disp('Close Plot to End Session');
fopen(s);

%% Loop for reading the data from the serial port
tic % starting time is stored
while ishandle(plotGraph) % Loop while Plot is Active
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dat = fscanf(s,'%f'); % Read Data from Serial as Float

if(~isempty(dat) && isfloat(dat)) % Check data type
count = count + 1; % Update the number of measurements
time(count) = toc; % Store elapsed Time
temp1(count) = dat(1); % Extract 1st temperature
temp2(count) = dat(2); % Extract 2nd temperature
temp3(count) = dat(3); % Extract 3rd temperature
temp4(count) = dat(4); % Extract 4th temperature
temp5(count) = dat(5); % Extract 5th temperature

% Set plot axis according to Scroll Width
if(scrollWidth > 0)

numbers = time > time(count)-scrollWidth;
plot time = time(numbers);
plot(plot time,temp1(numbers), plot time,temp2(numbers), ...

plot time,temp3(numbers), plot time,temp4(numbers), ...
plot time,temp5(numbers));

axis([time(count)-scrollWidth time(count) min max]);
else

set(plotGraph,'XData',time,'YData',temp1);
axis([0 time(count) min max]);

end

% Allow MATLAB to update the plot
pause(delay);

end
end

%% Close the serial COM port and delete irrelevant variables
fclose(s);
clear count dat delay max min baudeRate plotGraph plotGrid plotTitle s ...

scrollWidth serialPort xLabel yLabel numbers plot time;

%% save data
save(save name);
disp('Session Terminated...');
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Image processing for droplet
radius and frequency

In order to quantify the droplet generation rate, droplet radius, and droplet velocity, videos were
made of the device during operation. These movies were made at the beginning of the meandering
channel section, at 15 frames per second, for a duration of approximately 30 seconds. The videos
were processed in Matlab, using an algorithm consisting of several steps.

First, the video is split into separate frames, after which droplet positions and radii are meas-
ured in each frame. Next, the displacement of each droplet is determined using a matching
algorithm. The droplet radii are only recorded when their trajectories cross a fixed line, to pre-
vent double counting of droplets. Additionally ,the displacement vectors are used to estimate the
velocity of each droplet. Finally, the generation rate is determined by dividing the total number
of droplets by the duration of the analyzed video. The droplet position and radius measurement,
matching algorithm, and velocity measurement are discussed in more detail below.

Identifying droplet position and radius
In order to find droplets and measure their radius, a built in Matlab function was used: imfind-
circles. This function returns the positions and radii of circles detected in an image, based on a
user defined range. This range was defined based on manual measurement of all droplets in the
first frame of each video. The droplets are assumed to be spherical, such that the measured radius
in 2D is equal to the radius of the 3D droplet. The function could identify droplets in each video
frame (Figure C.1 A, B).

The radii obtained from the circle detection function were in pixels, such that conversion to
micrometers was necessary. The conversion ratio was obtained by performing several measure-
ments on a photo-lithography mask with known dimensions. The radius in micrometers was then
computed by multiplying the radius in pixels with the obtained conversion factor of 1.7857.

Tracking droplets
In order to reliably count droplets and determine their radius over the duration of the video, single
beads had to be tracked. This was achieved by a matching algorithm that coupled the droplet
positions in frame n with frame n-1. The algorithm was based on finding the nearest neighbor in
frame n-1 of each droplet in frame n, assuming that this is the same, but displaced droplet.

This algorithm is accurate only if the droplet displacement between frames is less than one
droplet diameter, such that no false matches between neighboring droplets occur. In order to
prevent matching errors, two matching conditions were integrated into the algorithm, based on
the computed displacement. First, the displacement had to be in the same direction as the flow.
Second, the displacement perpendicular to the flow was limited to less than one droplet radius.
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frame n-1 frame n
A B C D

Figure C.1 – A schematic representation of the image processing method. Images are detected in
frame n-1 (A), and indicated with a white circle (B). The same is done for the current frame n, and
displacement vectors obtained from the matching algorithm are shown in black (C). Droplet velocity
and radius is stored when the displacement vector crosses a fixed line (D).

By implementing these conditions, droplets could be successfully matched between frames,
such that their displacement vectors could be determined (Figure C.1 C). These vectors were then
used to determine when a droplet crossed a fixed line, such that its radius and velocity could be
stored (Figure C.1 D).

Quantifying droplet velocity
The velocity of the droplets was estimated using the first order approximation in equation C.1,
where v is the absolute velocity, ~xn the position in the current frame, ~xn−1 the position in the
previous frame, and ∆t the time difference between the two frames.

v ≈ |~xn − ~xn−1|
∆t

(C.1)

Matlab code
The Matlab code for analyzing a single video can be found below.

%% Image processing code for droplet radius, generation rate, and velocity
% This code converts the avi video with the name FILENAME into separate tif
% frames, and measures the radius, generation rate, and velocity of the
% droplets.
% =========================================================================

%% clear all current data, plots, and command line info
clear all
close all
clc

%% Constants
FILENAME = 'video filename'; % the avi video filename
dt = 1/15; % the time difference between frames
search radii = [13 30]; % the radius range for circle detection
circle treshhold = 0.1; % the threshold for circle detection
crop array = [200 1 300 480]; % image cropping array

%% Creating image filter
f type = 'gaussian';
f size = [2 2];
f sigma = 1/2;
filter = fspecial(f type,f size,f sigma);

%% Determine file and save name
filename = strcat(FILENAME,'.avi'); % the current filename
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savename = strcat(FILENAME,' processed.mat'); % the savename

%% converting video to separate frames
fprintf('Converting video to separate frames\n');
obj = VideoReader(filename); % create the multimedia reader object
vid = read(obj); % read the video that obj refers to
n frames = obj.NumberOfFrames; % retrieve the number of frames in video

for j = 1 : n frames
% For all frames: write the frame to a tif file called frame-#.tif,
% where # is the frame number.
imwrite(vid(:,:,:,j),strcat('frame-',num2str(j),'.tif'));

end

%% finding circles in the first frame
I1 = imread('frame-1.tif'); % read the image
I1 = rgb2gray(I1); % convert to grayscale
I1 = imcomplement(I1); % make image complementary
I1 = imcrop(I1,crop array); % crop the image
I1 = imadjust(I1,stretchlim(I1),[]); % adjust contrast
I2 = imfilter(I1,filter,'same'); % filter image

% finding circles
[centers old, radii old] = imfindcircles(I2,search radii, ...

'EdgeThreshold',circle treshhold);

%% Analyzing the complete video
N = 0; % the number of beads is set to 0
Rsum = 0; % the sum of all radii is set to 0
R arr = []; % the radius storage array is initialized
vel = []; % the velocity storage array is initialized
xpos = []; % the position storage array is initialized

for j = 2:n frames
framename = strcat('frame-', num2str(j), '.tif'); % create filename
I1 = imread(framename); % read the image
I1 = rgb2gray(I1); % convert to grayscale
I1 = imcomplement(I1); % make image complementary
I1 = imcrop(I1,crop array); % crop the image
I1 = imadjust(I1,stretchlim(I1),[]); % adjust contrast
I2 = imfilter(I1,filter,'same'); % filter image

% find circles
[centers, radii, metric] = imfindcircles(I2,search radii,...

'EdgeThreshold',circle treshhold);

% matching algorithm: For all detected droplets in the current frame
for k = 1:length(radii)

% Only droplets that are over one diameter away from the limits of
% the image are analyzed
if centers(k,2) >= 2*radii(k) && centers(k,2) <= crop array(4) - 2*radii(k)

dist old = 1e6; % the distance is set to a huga value
match = 0; % there is no match

% For all detected droplets in the previous frame
for l = 1:length(radii old)

vec = centers(k,:)-centers old(l,:); % displacement vector
dist = norm(vec,2); % total displacement

% If this droplet is closer than the previous match, the
% displacement is in positive direction, and the absolute
% displacement perpendicular to the flow is less than one
% droplet radius:
if dist < dist old && vec(2) > 0 && abs(vec(1)) < radii(k)

match = l; % the match is stored
dist old = dist; % the distance is updated
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end
end

% If a match is found
if match ~= 0;

% If the droplet passes the fixed line at 240 pixels
if centers(k,2) > 240 && centers old(match,2) < 240

N = N + 1; % the droplet is counted
Rsum = Rsum + radii(k); % the radius is added
R arr = [R arr radii(k)]; % the radius is stored

% The displacement fro the match is computed again
vec = centers(k,:)-centers old(match,:);
dist = norm(vec,2);

vel = [vel dist/dt]; % velocity is computed
xpos = [xpos centers(k,1)]; % the position is stored

end
end

end
end

% Storing the data from the current frame for the next iteration
centers old = centers;
radii old = radii;

end

%% Computing final values
freq = N / (n frames*dt); % Droplet generation rate
Rmean = Rsum/N; % Mean radius
R std = std(R arr); % Radius standard deviation

%% Saving all relevant data
save(savename,'N','R arr','freq','Rmean','R std','n frames','vel','xpos');

%% Deleting all stored tif frames
delete *.tif
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