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ABSTRACT 

Cell-based therapeutic strategies are becoming increasingly popular in treating many 

diseases that historically have been challenging to treat. Strategies involving injections of healthy 

cells into damaged tissues have benefits over current transplantation and drug strategies 

because they eliminate the need for long term use of immunosuppressing drugs and reduce the 

issues of limited availabilities of tissue donors. However, there are still major issues with current 

cell-based strategies, including limited cell engraftment and retention at the site of injury. Recent 

studies show that a very limited number of cells are retained at the site of injection, but 

therapeutic effects as still observed. Examples include improved cardiac function when cells are 

used to treat myocardial infarctions1–3, improvements are observed for treating retinal 

degenerative diseases4, and increased bone formation in bone regeneration strategies5, as well 

as improvements for many other disease treatments. Encapsulating cells in hydrogel 

microcapsules has been shown to increase cell retention significantly, as well as protect the cells 

from any unwanted, negative immune responses from the host. However, previous studies 

showed that long-term retention of encapsulated cells is still reduced due to cell escape or egress 

from the hydrogel microcapsules.6 Once escaped, these cells are free floating, and surrounding 

vasculature and blood flow clear the cells from the site quickly.3,7,8 The proposed strategy of 

reducing cellular clearance is through modifying the encapsulation material with cell binding 

domains, specifically by adding a peptide sequence of arginine, glycine, and aspartate (RGD). 

These binding sites allow the cells to adhere to the outside of the microcapsules after they have 

escaped. Attachment to the microcapsules means the egressed cells are not free floating and 
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therefore will not be cleared away from the site of injury as easily, therefore leading to long-term 

retention at the site of injury. Long-term retention is believed to increase efficacy of these cell-

based treatments.  

 Cellular attachment to hydrogel microcapsules was investigated by encapsulating cells in 

regular agarose and in RGD-modified agarose. Encapsulation was conducted using a microfluidic 

device to create uniform, monodisperse agarose microcapsules containing cells. These 

encapsulated cells were then studied using timepoint fluorescence microscopy to determine cell 

viability, microcapsule occupancy, cell escape from microcapsules and cellular adhesion onto the 

microcapsules. These quantities were assessed at three timepoints after encapsulation - 2 h, 24 

h, and 48 h - to investigate whether cell behaviour was changing with time. Different 

environmental conditions were investigated as well, to imitate different cellular environments 

that may affect cell adhesion to a material. Samples were studied in cell culture treated dishes as 

well as poly(2-hydroxyethyl methacrylate) (pHEMA) coated dishes to simulate environments in 

which cells can adhere to surrounding surfaces, and environments in which adhesion is inhibited.  

The results presented here show that RGD-modified encapsulation material does increase 

cell attachment to the outside of microcapsules. I show that this cellular behaviour occurs with 

multiple cell types, including therapeutically relevant cells such as explant derived cardiac stem 

cells, and human umbilical vein endothelial cells. Cells behave quite differently in regular, 

unmodified agarose, where almost no cell attachment is observed. I show that this novel 

biomaterial does not negatively impact viability of encapsulated cells, and can be used inside 

semi-automated, scalable microfluidic devices for cell encapsulation. The research presented 

here shows promise for eliminating some of the limitations currently observed in many cell-based 
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therapeutic strategies and it is hypothesized that the use of this novel biomaterial for cell 

encapsulation will lead to increased therapeutic effects in vivo due to increasing cellular retention 

at the site of injury.  
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1 INTRODUCTION 

1.1	Cell-based	Therapeutic	Strategies	

Cell-based treatments for repairing injured tissues have been of great interest over the 

past few decades. Tissues are damaged in many ways, including physical trauma, cancer, and 

ailments like heart disease, lung disease, and many, many more. When tissues are significantly 

damaged, there is a major loss of cells, which means a major loss of tissue functions and a 

significant negative impact on the proper function of the systems in which these tissues occur.  

There are a few general therapeutic treatments options for regaining the function lost from tissue 

damage, including drugs, transplants, and delivery of healthy cells. This latter option, cell-based 

treatments are the focus of this research.  

The general strategy in cell-based therapies involves the same basic process: healthy cells 

are injected into damaged tissues. These healthy cells can come either from the patient with the 

damaged tissue, referred to as an autologous treatment, and this treatment is possible when 

healthy tissues are available and can be harvested from the patient.9 Cells can also be derived 

from a different donor, known as an allogeneic treatment, and are commonly used when the 

patient’s own tissues cannot be harvested.9 Allogeneic treatments can lead to possible negative 

immune responses since these cells do not originate in the patient. Due to limited sources for 

healthy cells, they are typically harvested, then expanded in vitro to ensure a sample large 

enough to provide the necessary therapeutic effect.10 With enough cells for treatment, they are 
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then injected into the site of damage to provide therapeutic effects and repair the damaged 

tissue.  

Therapeutic effects are achieved through two different modes of action: through 

engraftment and integration of injected cells into damaged tissues, or through paracrine 

signalling enhanced by injected therapeutic cells.11 Engraftment, which occurs when the injected 

cells adhere to the site of damage and replace the damaged cells, is a slow process but can give 

long term benefits. The other mechanism, paracrine signalling, involves stimulating endogenous 

self-healing processes from products secreted by the injected cells such as growth factors, 

cytokines, and other soluble factors. The injected cells help trigger and speed up these innate 

processes, leading to faster, more robust effects.12  

 

Figure	1	Schematic	of	cell-based	therapies.	Cells	injected	into	damaged	heart	tissue,	with	two	pathways	of	
repair:	 integration	 involving	 cell	 engraftment	 into	 surrounding	 tissue	 to	 replace	 damaged	 cells,	 or	
paracrine	signalling	involving	cell-to-cell	communication	to	initiate	endogenous	self-healing	processes.		
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These cell-based therapeutic strategies have two major benefits over previous strategies 

like tissue transplants and drug-based strategies. Transplants require the long-term use of 

immunosuppressive drugs which leads to lifelong side effects including the reduced ability to 

fight off common bacterial or viral infections.11 Another downside to transplantations is the 

limited availability of donor organs and donor tissues.11 Drug treatments are expensive, and their 

use is needed long-term. Cell-based strategies circumvent these issues and show great promise 

for treating tissue damage that has long been considered irreparable.  

 

1.2	Cell	Encapsulation	Techniques	

Although cell based-therapeutic strategies have been in use for decades, there are still 

many issues involved with their efficacy and use. There are two main issues that lead to reduced 

efficacy of these treatment options: low engraftment and low retention of cells around the area 

of damage. One reason that these strategies have low engraftment is due to negative immune 

responses toward the injected cells. The patient’s immune system will often label these new, 

healthy cells as foreign and try to remove them from the body. Low retention is caused by the 

constant flow of surrounding fluids and vasculature that quickly and easily clear the free-floating 

Figure	2	Cell	encapsulation	in	hydrogel	microcapsule.	Surrounding	hydrogel	keeps	negative	
immune	responses	away	from	injected	cell,	but	porous	structure	of	gel	allows	diffusion	of	
nutrients	and	signals	in	while	wastes	and	therapeutic	products	can	diffuse	out.	
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cells from the site.13,3 This clearance does not allow enough time for cells to engraft and reduces 

retention at the same time. Both issues result in cell removal from the damaged site and 

therefore they are no longer able to provide the therapeutic effect that is needed.  

One method that helps improve both the engraftment and retention is cell encapsulation 

inside a hydrogel. Encapsulation inside of a hydrogel matrix provides the cells with a protective 

coating, keeping large immune cells away, while allowing necessary small molecules to diffuse 

into and out of the cells’ immediate environment.14 Encapsulation allows for cell-based 

treatments without the use of immunosuppressive drugs, which have many unwanted side 

effects, and can negatively affect the outcome of these therapies.14 Cells need nutrients to 

survive, and they produce wastes that need to be removed from their environment; the porous 

structure of most hydrogels allows for the diffusion of these small molecules. Since the cells are 

encapsulated in larger volumes of hydrogel, cell retention is increased because the vasculature 

and blood flow cannot move these larger objects unlike the smaller cells, as shown in recent 

studies.3 Hydrogels can also be designed to stick better at the site of injection, so that they have 

limited mobility in vivo.  

 Two main methods of cell encapsulation exist: macroencapsulation where many cells are 

encapsulated together in a larger volume of hydrogel, and microencapsulation, where individual 

cells are encapsulated in much smaller volumes of hydrogel. The latter, microencapsulation, 

allows for more control over the specific properties of the encapsulated cells, increases surface 

area for better solute diffusion, and the smaller microcapsules typically have higher mechanical 

strength and are therefore more durable.14 Microcapsules are also easier to inject using a 

syringe/ needle into the site of interest, compared to larger pieces of hydrogel.  
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Techniques to microencapsulate cells have been used for over 50 years, with the first cells 

microencapsulated in 1966, where erythrocytes were encapsulated in nylon spheres.14 As 

technologies have progressed, many new methods of encapsulating cells have emerged that 

allow more control over hydrogel properties, allow a variety of different gelling mechanisms for 

different types of hydrogels, and use gentle conditions necessary for the cells within the hydrogel.  

Microencapsulation strategies include vortex-based approaches, electrospray techniques 

and microfluidic-based methods. Vortexed-based approaches involve mixing two immiscible 

solutions together in a container that is vortexed to create an emulsion (similar to mixing salad 

dressing), then the solution undergoes gelation according to the specific hydrogel mechanism 

(thermal, chemical gelation, etc.).15 Centrifugation is then used to remove the gelled 

microcapsules from the other phase. Electrospraying techniques involve spraying hydrogel 

solution through a small nozzle and down into a solution where the hydrogel is gelled.16 The fluid 

solution is maintained at a high electrical potential and electrostatic repulsion disrupts the 

surface tension of the fluid at the nozzle, where the fluid drops down into a grounded solution.16 

Figure	 3	Methods	 of	microencapsulation	 of	 cells.	 A)	 vortex-based	method	B)	microfluidic	
based	method	C)	electrospraying	encapsulation	method.	
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Both the vortex-based and electrospraying methods do not allow good control over the size of 

the microdroplets formed and can induce high shear rates to the hydrogel. Since microfluidic 

encapsulation allows for precise control over microdroplet size, gentle formation of the droplets 

around the enclosed cells, and thermal gelation to occur, it was chosen for this project.  

 

1.3	Microfluidics	for	Cell	Encapsulation	

Microfluidic devices allow you to manipulate very small (on the order of nL) volumes of 

fluids through small channels. Due to the small volumes and slow velocities within these systems, 

the fluid flow remains strictly laminar, meaning that you have very precise control over flow 

characteristics and droplet formation. Droplet-base systems are typically favourable over 

continuous flow systems due to the ease of manipulating individual droplets and scalability. 

Droplet-based microfluidic systems allow for a semi-automated, scalable process of creating 

highly monodisperse hydrogel microdroplets.17 Microfluidic setups can be easily made to 

incorporate simple methods for gelling different types of hydrogels that use a variety of different 

gelling methods. Most microfluidic devices are made of poly(dimethyl)siloxane (PDMS) due to its 

cost effectiveness, and its mouldability, though other materials have been used such as glass 18 

and silicon 19.  

The basic model of a droplet-based microfluidic device operates by driving two immiscible 

fluids into the device where their flow paths meet, where surface tension and shear forces are 

used to break apart one fluid stream creating an emulsion. Systems like the one used in this 

project use a pressure-driven system to force the fluids through the devices. Most microfluidic 

device technology uses a water-in-oil emulsion system, but other systems, such as oil-in-water, 
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or more complicated systems like water-in-oil-in-water, can be created as well. The resulting 

droplets are then typically gelled on chip, using a mechanism (e.g., thermal gelling, chemical 

crosslinking, etc.) that is specific to the choice of hydrogel.  

There are different main methods of droplet formation used in microfluidic devices, 

namely cross-flow methods, flow focussing methods, and co-flowing methods.20 The cross-

flowing droplet method has two channels oriented perpendicular to each other and intersecting 

at a T-junction. Figure 4 A shows this intersection with the continuous phase moving through the 

upper horizontal channel and the dispersed phase moving upward toward the continuous 

channel. As the fluid moves through the device, the fluid coming from the bottom will be broken 

up due to shear stresses, interfacial tension, and pressure gradients20, which creates an emulsion 

downstream. A device that uses the flow focussing design (Figure 4 B), involves 3 channels 

intersecting each other at 90˚ angles. The top and bottom channels contain the continuous 

phase, most commonly oil, while the horizontal, middle channel contains the dispersed phase, 

usually an aqueous phase for an oil-in-water emulsion. As the fluids move toward the 

intersection, a small nozzle forces the two phases together and the continuous phase pinches the 

dispersed phase to form droplets. The third main type of microfluidic geometry is the co-flow 

design. This device uses two capillaries – one smaller capillary inside another larger capillary, 

shown in Figure 4 C. The phase moving through the inner capillary is broken up by interfacial 

Figure	4	Three	geometries	for	droplet	formation	used	within	microfluidic	devices.	A)	cross	flow	geometry,	
also	known	as	T	junction	geometry,	B)	flow	focussing	nozzle,	and	C)	co-flow	geometry.		
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tension and shear stressed from the flow of the continuous phase flowing in the same direction 

around the inner phase.21  

The flow focussing device design was chosen for my project because of its high-

throughput, and high monodisersity. Droplet monodispersity is slightly improved for the flow 

focussing design since the shear forces on the aqueous phase are symmetric on either side of the 

dispersed phase, whereas the shear forces for the cross-flow geometry are one-sided.22  

There are three main regimes for droplet formation that are mainly determined by the 

Capillary number and Weber number– dripping, jetting, and continuous flow regimes (shown in 

Figure 5). The Capillary number is defined as  

 Ca =
𝜂𝑣
𝜎  (1) 

where 𝜂 is the viscosity of the continuous phase (Pa*s), 𝑣 is the velocity of the continuous phase 

(m/s), and 𝜎 is the surface tension of the water-oil interface (0.001 N/m2).20,22,23 The Capillary 

number is a unitless value and defines the relationship between viscous forces and interfacial 

tension forces.24 The Weber number is defined as: 

 
𝑊𝑒 =

𝜌𝑈!𝐷"
𝜎  (2) 

where 𝜌 is the aqueous fluid density (kg/m3), 𝑈 is the mean velocity of aqueous phase (m/s), 𝐷" 

is the channel hydraulic diameter (m), and 𝜎 is the interfacial tension between the two immiscible 

fluids (N/m). This value measures the relationship between the inertial and interfacial tension 

forces of the aqueous phase. At lower Capillary numbers (Ca << 1) and low Weber numbers (We 

<< 1), shear forces dominate, and dripping occurs, forming very uniformly sized droplets.24 As the 

Capillary number increases (Ca ~ 1 or larger) or the Weber number increases (We ~ 1 or greater), 
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the viscosity starts to dominate, and jetting and finally a continuous flow occurs.24 Droplets form 

in the jetting regime due to Rayleigh-Plateau instabilities along the thread of fluid that is formed 

(Figure  5 B), but there is less consistency in the size of droplets formed.23 No droplets are formed 

during the continuous flow regime, therefore this regime must be avoided. The velocity of the 

continuous phase is the easiest variable to modify to change the Capillary number, and therefore 

the regime of droplet formation. Altering the continuous phase inlet pressure directly affects the 

continuous phase velocity.  

	

1.4	Poisson	Distribution		

 When cells are well mixed into the dispersed phase within the microfluidic device, the 

cells arrive at the nozzle randomly, with an arrival rate that can be estimated using the 

concentration of cells in the solution. Because of this random arrival, and the fact that cells arrive 

at the nozzle independently of each other, the number of cells inside each microdroplet follows 

a Poisson distribution where single cell encapsulation is preferred. The Poisson distribution is 

given by: 

Figure	5	Three	regimes	inside	a	microfluidic	device	at	the	nozzle	during	droplet	formation.	A)	dripping	regime	
where	uniform,	monodisperse	droplets	are	formed.	B)	Jetting	regime	where	droplets	form	but	due	to	Rayleigh-
Plateau	instabilities,	these	droplets	are	less	uniformly	sized.	C)	Continuous	flow	where	no	droplets	are	forming.		
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𝑝(𝑘, 𝜆) =

𝜆#𝑒$%

𝑘!  (3) 

where 𝜆 is the average number of cells per droplet volume , and 𝑘 is the number of particles in a 

droplet.17,23,25 The average number of cells per droplet volume (in other words, the average 

occupancy of a droplet	𝜆), can be represented in terms of the concentration of cells in the 

solution, a quantity that is easily modified during experimentation: 

 𝜆 =
𝜙&𝑣̅'
𝑣̅(

= 𝑐(𝑉 (4) 

where 𝜙& is the volume fraction of cells in the pre-encapsulated solution, 𝑣̅'  is the average 

droplet volume (L), 𝑣̅(  is the average cell volume (L), 𝑐(  is the cell concentration in pre-

encapsulated solution (particles/L), and 𝑉 is the volume of a microdroplet (L).23  

 

1.5	Encapsulation	Materials	

 Many different hydrogels have been used as the encapsulation materials for cell 

encapsulation purposes. Early studies of cell encapsulation used materials such as collagen, 

fibrin, and alginate.26–28 These materials have the benefit of being natural and biodegradable, but 

ultimately had issues with mechanical properties, and degradation rates that were hard to 

control.29 It became clear that any material used for cell encapsulation needed to exhibit 

properties that were very similar to the tissues from which the encapsulated cells originated.   

Some of the main properties that are important for cell viability within a material include 

biocompatibility, gelation mechanism, and porosity. These general properties have large effects 

on the encapsulated cells, but other properties are important too, such as mechanical strength 

of the material, degradation rate and cell adhesiveness. Any material that forms the immediate 
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environment around a cell must first and foremost be biocompatible, meaning that the material 

itself does not cause any cytotoxic effects to the cells. Natural materials such as collagen, fibrin, 

chitosan, and alginate are chosen for this reason. The gelation mechanism for any encapsulation 

material must also be gentle enough on the cells so that it does not cause extended stress and 

lead to reduced cell viability. The hydrogel must also have reasonable mechanical strength after 

gelation so that it can withstand the mechanical stresses imposed during product manipulation 

and injection. Another extremely important characteristic of any encapsulation material is that it 

is porous enough that nutrients, metabolites, and wastes can easily diffuse into and out of the 

hydrogel to ensure the survival of the cells within the material. As previously stated, paracrine 

signalling is extremely important in producing therapeutic effects of cell-based therapies. The 

diffusion of these cell signals through the encapsulation material is therefore critical for these 

treatments. The encapsulation matrix surrounding the cell also protects the cells from negative 

effects of the host’s immune system. Often these strategies are allogeneic cell therapies meaning 

the cells originate from a donor that is not the recipient of the therapy. This means that the host’s 

immune system can quickly try to eliminate these cells as foreign objects. Many of the hydrogels 

mentioned here are ideal for this purpose as they have pore sizes small enough to keep large 

immune cells (roughly 10-100 µm diameter30) out but large enough for small molecules and 

signals (molar mass < 100 kDa) to easily diffuse through them. It is very important for the efficacy 

of these treatments that the injected cells are protected from this negative immune response.  

Natural polymers such as alginate26,31, agarose3,32,33, collagen34–36, gelatin37, hyaluronic 

acid38,39, and chitosan40 have been widely used, as well as synthetic polymers such as poly-

ethylene glycol (PEG)41, and poly(lactic-glycolic acid) (PGLA)42. Natural polymers have the benefit 
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of low toxicity to the cells they are encapsulating as well as to the tissues into which they are 

injected. These gels have wide ranging gelation mechanisms, from chemical cross-linking40, to UV 

sensitive materials38, to temperature dependent gelation32. Typically, cells are mixed with 

encapsulation material before gelling to ensure proper encapsulation. Therefore, gelling 

mechanisms cannot be too harsh on the cells. For example, the gelling temperatures for both 

gelatin and agarose typically lie between the normal working conditions of mammalian cells of 0 

– 37 ˚C, which makes them ideal for use with cells. The choice of hydrogel used for cell-based 

therapies needs to consider all these factors and these different properties will have varying 

degrees of importance for different applications and for different treatments. A cell treatment 

for bone regeneration will need very different mechanical and biochemical properties compared 

to a treatment used for myocardial infarctions. Research into understanding the native 

environments for common diseases and the mechanical, biochemical, and physical properties of 

different encapsulation hydrogels is critical for determining the best material for each individual 

use.  

One of the most common hydrogels used for cell encapsulation is alginate. Alginate is a 

polysaccharide that is found naturally in the cell walls of some species of algae. This polymer is 

made up of b-D-mannonic acid monomers that are linked through 1,4-glycoside bonds to a-L-

glucuronic acid monomers.43 Alginate forms gels through a chemical cross-linking process when 

in the presence of divalent cations (usually Ca2+). Its success in cell encapsulation is due to its low 

cost and ease of cross-linking. One drawback to alginate is that it forms a relatively weak gel, 

which means that the encapsulated cells can easily and quickly escape the gel, and the alginate 

gel will dissolve when exposed in the long term to the host’s immune system in vivo.14 In some 
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cases, the gel strength is increased by the addition of a polycation layer surrounding the alginate 

microcapsule, but this itself can cause an inflammatory response from the host’s immune system, 

which is detrimental to this therapeutic strategy.14 Another disadvantage to using alginate for 

cell encapsulation is that it does not possess any cell binding capabilities. Without binding 

domains, the encapsulated cells will not interact much with the material which can negatively 

impact viability, proliferation, and differentiation.  

 Another common cell encapsulation material is collagen. Collagen, which is a major 

component of the extracellular matrix, is a natural polymer that is very biocompatible, and an 

ideal candidate for a cell encapsulation material.44 Collagen molecules are made of three 

interpenetrating helices consisting of polypeptide strands that are each held together through 

hydrogen and covalent bonds.45 Many studies have used collagen for cell encapsulation. From 

bone substitutes46, skin replacements34, and bioengineered tissues35, collagen has a multitude of 

uses in cell-based therapies. A major benefit of using collagen for tissue regeneration is that it 

degrades easily in vivo, as shown by a study by Jaques et al.35 where the presence of collagen 

mixed with inert agarose led to biodegradability of the material, which is often necessary for 

proper cell engraftment. Without proper control of precise degradation timing, this property can 

also become an issue, as early degradation or late degradation can lead to issues with 

engraftment, or proper cell differentiation and growth.41 Some disadvantages of using collagen 

for cell encapsulation include its high price, weak mechanical strength, heterogeneity when 

originating from a natural source, and its difficulty in controlling degradation.47  
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1.6	Agarose		

Agarose is another common, relatively inexpensive hydrogel that was ultimately chosen 

for this project. It is a polysaccharide naturally derived from seaweed, specifically a disaccharide 

of D-galactose and 3,6-anhydro-L-galatopyranose linked by glycosidic bonds.32 Agarose is the 

main component in agar, along with agaropectin. Many of agarose’s characteristics are ideal for 

use with this project, namely its structural and gelling properties. The matrix formed by gelled 

agarose is very similar to that of the extracellular matrix, a cells natural environment. Creating an 

environment that closely resembles a natural cellular environment is critical for high cell viability 

within the encapsulation material. Agarose is thermally responsive, meaning that liquid agarose 

can quickly be transitioned into its gel state by lowering its temperature.32 To ensure proper cell 

encapsulation, gelling is typically completed after mixing with cells, therefore moderate thermal 

gelation is biologically beneficial. Thermal gelation does not use harsh chemicals or solvents like 

other hydrogels, which can reduce viability of the incorporated cells. The many types and purities 

of agarose offer a lot of control over the thermal properties of an agarose mixture, allowing the 

tuning of the melting and gelling temperatures that are needed for a particular experiment.32  

Typically, agarose melts at temperatures between 85-95 ˚C and gels around 35-50 ˚C and 

is dependent on concentration and molecular weight.48 Low melting agarose was used for this 

project, which decreases both the melting and gelling temperatures to <50 ˚C and 8-17 ˚C 

respectively.48 These lower temperatures are ideal for use with mammalian cells since they 

cannot be heated above 37 ˚C and premature gelling must be avoiding during the encapsulation 

process. Another important property of agarose is its thermal hysteresis, where its physical state 

depends on its thermal history. Once agarose has been gelled, it can be heated up again, past its 
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gelling temperature, and it will stay in this gelled state at much higher temperatures than before 

the initial gelling process. Thermal hysteresis is important for this project since agarose must stay 

liquid at 37 ˚C initially during the encapsulation process, then once gelled, must stay in its gelled 

state for the therapeutic treatment inside a patient at 37 ˚C.  

Agarose has historically been used for a multitude of biomedical applications including 

use as cell scaffolds49,50, for tissue engineering to help with cartilage formation, bone 

regeneration 51, wound healing 52, and encapsulation of cells targeting tumors.53 Its extensive use 

with cells highlights its favourable properties, but there are a few disadvantages to using agarose 

as a cell encapsulation matrix. Agarose does not easily degrade within the human body since 

there is no available enzyme within mammalian cells; only bacterial cells contain the appropriate 

enzymes.54 Keeping the cells encapsulated long-term is beneficial, especially for paracrine effects 

as continued exposure to secreted factors are beneficial for therapeutic strategies but having 

agarose microcapsules retained in the body indefinitely is not preferred. One method that 

researchers have used is to incorporate a degradable hydrogel into the agarose, which has been 

shown to increase biodegradability.35 Another issue with encapsulating cells in agarose is that it 

contains no cell binding domains. However, the structure of the agarose allows for easy chemical 

modifications, allowing the addition of binding domains, and this approach was used in the 

present project.  

 

1.7	RGD	

Most cell types require adhesion to a substrate to perform their normal functions such as 

proliferation, migration, and differentiation.55,56 RGD, the peptide sequence of arginine, glycine, 
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and aspartate, is the most common cell adhesion domain found within numerous extracellular 

matrix proteins including fibrinogen, fibronectin, vitronectin and osteopontin.57 Integrin proteins 

found within the plasma membrane of all cells, except for red blood cells, bind to this specific 

amino acid sequence which causes attachment between the cell and its surrounding matrix 

proteins. Many types of integrins are found on the surface of various cell types and many bind to 

the RGD sequence making this binding domain non-specific.58 Therefore, the addition of the RGD 

sequence onto a hydrogel allows for the attachment of many cell types,. This is an important 

feature for this research as we would like this technology to be used for many types of cell 

therapies, using many different cell types.  

Recent studies have used this binding domain to modify different hydrogels to increase 

cell attachment for cell-based therapies. One recent study observed increased osteogenesis with 

mesenchymal stem cells (MSCs) encapsulated in RGD-modified alginate microcapsules compared 

to cells mixed with the hydrogel.59 Another study used human MSCs encapsulated in RGD 

modified alginate microspheres, to treat myocardial infarction.60 The results showed increased 

cell survival for encapsulated cells, but there was no difference in angiogenesis between 

encapsulated cell treatments and cells alone, even though increased growth factor was observed 

for encapsulated cell samples. Other studies used RGD modified materials as a bioink for 

bioprinting purposes.61 An increase in genes that support chondrocyte formation was observed 

in one study, in which cells that were encapsulated inside bulk carboxylated agarose 

functionalized with an RGD peptide.61 These studies provide insight into cell behaviour with RGD 

modified materials, but there is not a lot of work investigating the effects of RGD modification on 
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individual cell laden microcapsules. Most of the RGD modified materials tested in these recent 

studies used alginate, therefore modifying agarose with RGD sites is of particular interest.  

 

1.8	Cell	Types	

Most experiments were performed with the NIH 3T3 mouse embryonic cell line. These 

fibroblast, adherent cells play a critical role in the repair of damaged tissues. Fibroblasts are the 

most common cell type in connective tissues and are very important in the process of wound 

healing.62 They are the least specialized member within the family of connective tissue cell types 

and are known to secrete high levels of extracellular matrix proteins, specifically type I and III 

collagen.62 Because of their enhanced ability to survive in the presence of injury, these cells are 

very easy to grow in culture. It is also one of the reasons this cell type was chosen for these cell 

encapsulation studies. Their ease to grow, and their ability to produce extracellular matrix 

proteins makes them ideal candidates for the early studies of this cell encapsulation project.  

Once preliminary data was collected with the NIH 3T3 cell line, more therapeutically 

relevant cell types were used. Therapeutically relevant cell types are described here as cell types 

that more closely resemble the cells that will be used for these types of cell-based therapies. 

Primary cell types are cells that very closely resemble the parental tissue from which they were 

taken, and they a have much shorter lifespan (usually up to passage 10). Due to their short 

lifespans and limited time in culture, they show more variability, which is true of real living tissue. 

Cell lines, like the NIH 3T3 cell line, have been continuously passaged over long time periods and 

therefore have longer lifespans but have more homogenous phenotypic and genotypic 
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characteristics. Their homogenous nature means that they are not as biologically relevant, but 

results obtained with these cells are easier to compare.  

The therapeutically relevant cell types used are human umbilical vein endothelial cells 

(HUVECs), and explant derived cardiac cells (EDCs). HUVECs are an adherent cell type that are 

very commonly used in research involving endothelial function and diseases. Endothelial cells 

form the lining of blood vessels and therefore, they control the flow of substances between the 

circulating blood volume and the surrounding tissues.63 The endothelium also plays a major role 

in vasoconstriction and vasodilation, blood clotting and angiogenesis.63  Since these cells are part 

of the circulatory system, they are a good model for diseases relating to the heart and blood 

vessels, which is of heightened interest in this project. Endothelial cells also communicate and 

initiate many immune responses, including recruitment of immune cells to the site of tissue 

damage.64 With the main pathway for cell therapies being paracrine signalling, this 

communication with immune cells is very important for these studies. Endothelial cells are also 

known to send signals to the immune system, specifically white blood cells, during inflammatory 

events,65 which makes them a great candidate to study paracrine signalling for cell therapies.  

EDCs are stem cells extracted directly from myocardial biopsies. They represent a 

population of heart cells that easily and spontaneously expand in cell culture directly following 

the removal from patient tissues.2 There is no arbitrary selection of cells, or prolonged culturing, 

therefore these grown cells includes many cell populations, including cardiac progenitor cells 

capable of differentiating into multiple different cell types.66 Myocardial cells form the majority 

of the heart and many common heart diseases occur in the myocardium, largely myocardial 
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infarction. In the United States, one in four deaths are due to heart disease67, with myocardial 

infarction occurring in almost 1 million Americans every year68.   

Cell-based therapies have often been used for myocardial infarction due to the limited 

capacity of heart cells to regenerate.63 Recent studies have shown that cardiac stem cells (namely 

EDCs) can provide a beneficial therapeutic effect for injured myocardium when injected into the 

injured tissues.1,2 Another important result of these studies with cardiac cells show the limited 

ability of these injected cells to integrate into the injured tissues with a huge loss of cells during 

these treatments. Since beneficial effects are still seen with these treatments in repairing tissues 

damaged from myocardial infarctions, the importance of paracrine signalling of growth factors 

and cytokine induction are also realized. Initial encapsulation tests with these cardiac cells are 

critical for the next step of investigating the therapeutic effects of our modified agarose system 

in vivo to further increase the beneficial effects observed with these cardiac therapies.   

 
1.9	Cell-Based	Therapies	and	Their	Challenges	

 Previous research has investigated the use of cell-based strategies to treat tissues 

damaged from myocardial infarctions.3,35,69 Effects such as % scar size, change in left ventricular 

ejection fraction (LVEF) and promotion of angiogenesis during myocardial infarction have 

Figure	 6	 Cells	 encapsulated	 in	 agarose	 regularly	 egress	 or	 escape	 from	microcapsules.	 The	
egressed	cells	immediately	disassociate	from	microcapsules	and	are	cleared	from	vasculature	
and	blood	flow.		
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previously been investigated and showed that injections of free cells led to limited therapeutic 

benefit.3,69 Recent studies have investigated retention of encapsulated cells and showed progress 

with this issue by using encapsulated cells, but issues still arose due to cell egress from 

encapsulation material.6  Both timepoint images and timelapse video showed that cells can 

quickly escape (egress) agarose microcapsules quickly following encapsulation.6 Once egressed, 

the cells are no longer associated with the agarose microcapsules and therefore become subject 

to the same clearance as unencapsulated cells.  

 
1.10	Research	Outcome	

 The proposed method of increasing cell retention is by modifying the encapsulation 

material with cell binding domains, specifically RGD peptides. This modification will reduce 

cellular clearance following egress from microcapsules. It is hypothesized that the binding sites 

will provide “grips” or “sticky sites” for cells to bind to the outside of the microcapsule surface 

once they have egressed from within the microcapsule. By remaining associated with the larger 

microcapsules, the clearance of egressed cells by fluid flow should be delayed. This should extend 

the time that these cells remain at the site of injury and continue to impart therapeutic benefit 

via paracrine signalling.  

I set out to achieve three main research outcomes. First, I wanted to determine whether 

cells would attach to the outside of RGD-modified agarose microcapsules. If indeed they did 

attach and associate with the RGD-modified material, my next step was to quantify the amount 

of cellular adhesion occurring for samples of cells encapsulated within this novel biomaterial. The 

last main objective was to test whether the effects seen with one cell type would transfer to 
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other cell types, especially more therapeutically relevant cell types that would be used in these 

cell-based treatments or at least more closely resembled these cell types.  

 Here I have investigated the behaviour of cells encapsulated in RGD-modified agarose 

microcapsules and compared that to encapsulation in regular agarose. Using images taken from 

2 h to 48 h post encapsulation, I quantified cell viability within the agarose microcapsules, 

microcapsule occupancy, cell egress from microcapsules, and cell attachment to microcapsules. 

Using multiple different cell types, ranging in tissue origin, I was able to confirm that multiple cell 

types do attach to the outside of RGD-modified microcapsules after encapsulation. This novel 

material does not affect viability of cells encapsulated within RGD-modified agarose 

microcapsules for up to 48 h, and it does not seem to affect the rate of cell egress from the 

microcapsules either. Further studies are needed to determine whether this attachment will 

increase therapeutic effects in vivo, but this preliminary work shows promise for reducing cellular 

clearance at the site of damaged tissue.   

	 	

Figure	7	Proposed	mechanism	of	increasing	cellular	retention	by	modifying	encapsulation	material	with	RGD	cell	
binding	domains.	Encapsulated	cells	will	still	egress	from	microcapsules,	but	the	binding	sites	presented	on	the	
surface	 of	 the	 microcapsule	 allow	 the	 cell	 to	 bind	 to	 the	 outside.	 This	 increased	 association	 time	 with	 the	
microcapsule	will	therefore	increase	cell	retention	in	the	injected	area.		
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2 MATERIALS AND METHODS  
 

2.1	Synthesis	of	Modified	Agarose	

Agarose was modified to include CRGDS (sequence: CSGSGSGSRGDS) cell binding 

domains70. The addition of RGD onto agarose was completed in two steps. First, agarose was 

converted into maleimide-agarose using p-maleimidophenyl isocynanate (PMPI). The following 

reaction was completed under argon: 100 mg of agarose was dissolved in 5 mL of DMSO that was 

heated to 80 ˚C in an oil bath for 2 h. Once fully dissolved, the agarose solution was cooled to 

room temperature and 5 mg of PMPI was added to the solution. This solution was stirred 

overnight at room temperature. This final solution was then dialyzed for 72 h in distilled, 

autoclaved water, with water exchanged daily. Finally, the dialyzed product was frozen and 

lyophilized to produce a powder that was then used for the second step of the modification 

process.  

The second step involved attaching CRGDS to the maleimide-agarose product from the 

last step. The pH of PBS was first adjusted to 6.5-7.5 using dilute HCl, then degassed for 1 h before 

dissolving the lyophilized maleimide-agarose in the PBS. The PBS was heated to 65 ˚C and then 

maleimide-agarose was slowly added to make a 2.7% solution of agarose (typically made in 

batches of 1000 µL). The maleimide-agarose solution was left at 65 ˚C overnight to ensure the 

agarose was full dissolved. CRGDS peptide was then added to the agarose solution at a 

concentration of 1.5 mM, which reacted at 37 ˚C for 2 h, under argon. After the reaction, the 

solution was heated to 60-65 ˚C and aliquoted into smaller vials so that it was not heat 

repeatedly.  
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2.2	Soft	Lithography	Techniques	for	Wafer	Etching	

Wafers were used to create the molds used to make poly(dimethylsiloxane) (PDMS) 

devices. Etching of the devices was completed using standard lithography techniques.71,72 First, 

a 100 mm diameter silicon wafer was cleaned from all visible dust and debris through a series of 

rinsing and drying cycles of acetone, then ethanol, then isopropanol. A second step of plasma 

cleaning was then conducted by treating the wafer to plasma treatment of 200 W for 10 min to 

ensure all organic contaminants were removed from the wafer. Next, the wafer must be 

dehydrated by placing the cleaned wafer on a hotplate at 200 C for 10 min, where it was 

subsequently cooled for 5 min at room temperature. Next, the wafer was coated with in a 100 

µm layer of SU-8 2050 photoresist which is used to create the channel height of my devices. To 

create the SU-8 layer, a small volume of SU8 2050 was gently poured onto the center of the wafer 

(approximately 1 mL for every square inch of the silicon wafer). The wafer was then mounted 

onto a spin coater. The wafer was spun under the following conditions: ramp up to 500 rpm with 

an acceleration of 100 rpm/s for 10 s, then ramp to 1700 rpm with an acceleration of 399 rpm/s 

for 30 s, and finally ramp down to 0 rpm with a deceleration of -399 rpm/s. This SU-8 coating was 

then prebaked at 65 ˚C for 5 min and subjected to a soft bake at 95 ˚C for 16 min, and afterwards 

cooled for 5 min at room temperature. Next, the SU-8 layer was exposed to UV light which caused 

a chemical change in the areas exposed to the light. A photomask was placed on top of the SU-8 

layer on the wafer, creating a pattern of areas exposed to light and others not exposed. Since SU-

8 is a negative photoresist, the areas that were exposed to UV light remained intact once washed 



 

 24 

with developer, and the unexposed regions of the SU-8 layer were washed away with a rinse in 

developer solution.  

The wafers were exposed to 230 mJ/cm2 of UV light to get a height of about 100 µm, 

therefore the exposure lasted about 15 s. The wafer was allowed to cool for 5 min at room 

temperature, then baked again at 65 ˚C for 3 min 35 s then to 95 ˚C for 9 min 15 s and finally 

cooled at room temperature for 5 min. The next step was to develop the SU-8 layer to wash away 

the unexposed regions of the wafer. The wafer was rinsed in developer for 9 min, while 

constantly agitating the wafer to ensure the developer flowed over the entire surface. A quick 

rinse with isopropanol was then completed and the wafer was dried completely using dry 

nitrogen. The wafer was then placed on a room temperature hot plate and the temperature was 

set to 150 ˚C so that the wafer would be brought to temperature along with the hot plate. Once 

150 ˚C was reached, the wafer was held at this temperature for 5-10 min, then the hot plate was 

switched off and the wafer was allowed to cool along with the hot plate (covered with a glass 

dish to ensure it stayed clean). At this point, the preparation of the wafer was complete, and was 

treated with a silane treatment to increase the durability of the molds for repeated uses.  

 
2.3	Production	of	Microfluidic	Devices	

Microfluidic devices were made from polydimethylsiloxane (PDMS; Sylgard 184 Silicone 

Elastomer Kit, Dow), using the silicon wafer master mold described in the previous section. PDMS 

was poured on top of the silicon mold at a 10:1 ratio of base to crosslinker. The dissolved air 

inside the liquid PDMS from mixing was removed by degassing using a vacuum chamber, and 

then it was cured inside a 70 ̊ C oven. The cured PDMS was removed from the wafer using a sharp 
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blade, cut apart and holes were punched for the inlets and outlets into the PDMS using a skin 

biopsy punch of 0.75 mm diameter.  

Next, PDMS was bonded to glass slides to form functional microfluidic devices. To do this, 

the PDMS and the cleaned glass slide were plasma treated (Glow Research, AutoGlow System) 

for 36 s at 36 W. Then, the treated PDMS was placed onto the treated glass slides to allow 

bonding to occur. To render the PDMS devices hydrophobic, the bonded devices were placed 

into a 70 ˚C oven. The plasma treatment resulted in hydrophilic devices, but hydrophobicity was 

needed for the continuous oil phase to flow properly through the device. Finally, the devices 

were stored at room temperature until use.  

 

2.4	Cell	Culturing	Methods	

All cells were cultured using standard mammalian cell culturing protocols. Briefly, NIH 3T3 

cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; VWR), supplemented with 

10% fetal bovine serum (FBS; VWR) and 1% penicillin/streptomycin (P/S; Lonza). HUVECs were 

cultured in endothelial cell media (ECM, ScienCell) supplemented with 10% FBS (ScienCell), 1% 

endothelial cell growth supplement (ScienCell) and 1% P/S (ScienCell). EDCs were cultured in 

cardiac explant media (CEM) consisting of Isocove’s Modified Dulbecco’s Medium (IMDM; Glibco) 

media supplemented with 10% FBS (VWR), 1% antibiotic-antimycotic (Glibco), 1% l-glutamine 

(Glibco) and 0.18% b-mercaptoethanol (Glibco). EDCs were grown in fibronectin coated plates.  

Cells were subcultured using the ATCC subculturing procedure for NIH 3T3 cells 73. Briefly, 

media, PBS, and trypsin (Corning) were warmed to 37 ˚C in a water bath. Cells were grown in 100 

cm2 cell cultured treated petri dishes. Cells were cultured every 2-3 days, when they reached 
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about 80% confluency in a culture plate. For subculture, media was removed from the cell 

monolayer, and 5 mL of PBS was then gently added to rinse away remaining media. PBS was then 

removed, and 3 mL of trypsin was gently added to the plate. Plates were incubated at 37 ˚C for 

~3 min to allow cells to detach. Once all cells were disassociated, complete media was gently 

added to wash and collect the cells. The cell suspension was then centrifuged at 300 x g for 3 min 

to pellet the cells. Supernatant was removed, and cells were then resuspended in fresh media. 

The resuspended cells were then added to a new culture plate along with fresh media and placed 

back in the incubator until the next culture. Other cell types were cultured using the same 

procedure using appropriate media for each type and TrypLE (Glibco) was used for the 

therapeutic cell types instead of Trypsin to detach cells from culture dishes. Non-therapeutic cells 

were cultured between passages 10-30, and therapeutic cells were cultured between passages 

2-10.  
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2.5	Encapsulation	of	Cells	

2.5.1 Encapsulation Setup  

The equipment used for cell encapsulation used a custom-made microfluidic setup. A microfluidic 

device was placed underneath a custom-made heatsink and heating/ cooling blocks which all sat 

Figure 8 Images of microfluidic encapsulation setup used for experiments. 

A)	 B)	

C)	
D)	
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on top of an inverted microscope to allow for visualization of the encapsulation process (Figure 

8 B). Water was heated to 37 ˚C using a water bath (Figure 8 C, red circle) and a pump (Figure 8 

C, blue circle) pumped this water through tubing connected to the heat sink (Figure 8 D, blue 

arrow) and through an inner channel within the heatsink and back into the water bath. It was 

important that the heatsink was heated to 37 ˚C because it contained sample holders for the 

agarose sample vial and oil vial (Figure 8 B, blue arrows). Since the encapsulation step can take 

up to 1.5 h, it was very important that the sample was actively heated during encapsulation so 

that the agarose did not start gelling before the microcapsules were made within the device. The 

warmer temperature of the heatsink (Figure 8 D, blue arrow) also allowed two Peltier pumps 

(Figure 8 D, yellow arrow) to transfer heat into the hot block (Figure 8 D, green arrow) and out of 

the cold block that are located underneath the heatsink and microfluidic device. These hot and 

cold blocks were used to control the temperature gradient across the microfluidic device. Since 

the agarose hydrogel used in this project undergoes thermal gelation, controlling the 

temperature across the microfluidic device was extremely important during the encapsulation 

process. The left side was maintained at a higher temperature of 37 ˚C to ensure the agarose 

flowed into the device and microcapsules were made when the agarose was in its liquid state 

and. The right side was cooled to 4-6 ˚C to gel the newly formed agarose microcapsules as they 

flowed through the end of the device. The temperature of these blocks was controlled by two 

Peltier pumps that sat between the heatsink and the hot/cold blocks (shown in Figure 8). The 

Peltier pumps pumped heat into the hot block from the heatsink to maintain its elevated 

temperature and pumped heat out of the cold block into the heat sink to maintain its reduced 

temperature. Thermal paste was used between the Peltier pumps and the heat sink as well as 
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the hot/ cold blocks to ensure maximal heat transfer between all the components. Thermistors 

were inserted into holes made within the sides of the hot/ cold blocks (Figure 8 D, green arrow) 

which were connected to temperature control chips (Wavelength Electronics, HTC3000; Figure 8 

C, green circle) that were controlled by custom-made LabView software. This software allowed 

the user to specify the exact temperature of the aluminum plates that were in direct contact with 

the Peltier pumps (and therefore the microfluidic device that sat underneath these aluminum 

plates). The thermistors allowed for a feedback loop to ensure that these blocks were maintained 

at constant temperatures throughout the entire encapsulation process.  

The final major component of the microfluidic setup was the pressure system used to 

actively flow the fluids (oil and aqueous phases) through the microfluidic device. Pressure 

regulators were used to precisely control compressed air that was introduced into the system. 

The compressed air flowed through tubing that was connected to needles that were injected into 

the sample vials (oil and aqueous phase) to drive the fluids into the connected PEEK tubing that 

was attached into the microfluidic device (shown in Figure 9). Solenoid valves which were 

controlled via a custom-made LabVIEW software were used to actuate the pressures within the 

inlet and outlet tubes. The LabVIEW software allowed control of each individual pressurized unit 

(oil tubing and aqueous tubing) separately or simultaneous control of all of them.  

 
2.5.2 Microfluidic Device Setup 

Cells were encapsulated using a microfluidic device (Figure 9) to produce a high 

throughput, monodisperse sample of cells within spherical hydrogel microcapsule. Agarose 

hydrogel and oil phases were driven into the device using pressurized inlets (highlighted section 

A in Figure 9), forcing the fluids to flow through the device, downstream into the outlets (section 
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C in Figure 9). Filters were present in all inlets and outlets to ensure that the device was not 

clogged by large aggregates of cells or microcapsule in the solutions driven through the device. 

A nozzle, located near the middle of the device, allowed the merging of aqueous and oil flow 

streams (circle B on Figure 9) and facilitated the formation of agarose microcapsules. The agarose 

stream was pinched off by the intersecting oil (mineral oil with 1.5% v/v Span 80) streams and an 

emulsion was created of microcapsules inside the continuous oil phase (Figure 10). Cells were 

mixed with the liquid agarose hydrogel before entering the device so that the formed agarose 

microcapsules contained cells. The emulsion then flowed through the serpentine (section D in 

Figure 9) which is cooled to 4 ˚C to gel the agarose. The serpentine lengthened the time that the 

agarose was subjected to the cooler temperature to ensure proper gelling of the agarose 

microcapsules. The emulsion was then collected off chip after exiting the device through the 

outlets.  

A heated, insulated acrylic box (Supplementary Information Figure 23) was placed over 

the encapsulation setup on the microscope stage to keep the sample vials and tubing warm 

during encapsulation and prevent agarose pre-gelling. This heated box was warmed to 35-36 ˚C 

and was most important with RGD-modified agarose as this material gels much easier than 

Figure	9	Microfluidic	device;	PDMS	bonded	to	glass	slide.	Two	devices	were	bonded	to	one	glass	slide.	A)	inlet	
holes	where	agarose	and	oil	were	introduced	to	the	device.	B)	Nozzle	where	microcapsules	were	formed	and	
emulsion	of	microcapsules	inside	continuous	oil	phase	was	created.	C)	Outlets	where	the	sample	exited	the	
device	through	connected	tubing.	D)	Serpentine	where	microcapsules	were	cooled	and	gelled	due	to	reduced	
temperature	and	increased	path	length.		

A	
B	

C	 D	
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regular agarose. Introducing this heated box during encapsulation of RGD-modified agarose 

resulted in a more monodisperse sample of microcapsules, and no clogging of the microfluidic 

device, both of which occurred without the use of this box.  

 

2.5.3 Cell Types 

Three different cell types were tested using this RGD-modified agarose system - the non-

therapeutically relevant cell type of NIH 3T3, as well as therapeutically relevant cell types of 

human umbilical vein endothelial cells (HUVECs) and explant-derived cardiac cells (EDCs), taken 

directly from heart tissue biopsies. Different cell types can behave very differently inside these 

microcapsules based on environmental conditions and stimuli.6 Therefore, it was important to 

test this system with multiple different cell types, from different origin tissues, and to investigate 

their behaviour with our RGD-modified material.  

 

2.5.4 Microcapsule Production 

All microcapsules produced were kept at a constant diameter of about 50 µm (52 µm ± 4 

µm) for all experiments. We controlled microcapsule diameter by varying the ratio between the 

oil and aqueous pressurized inlets to ensure the size was consistent throughout each experiment 

and between different samples. The number of cells within each microcapsule follows a Poisson 

distribution and is heavily influenced by microcapsule diameter23 and therefore it was important 

to keep this parameter consistent between different experiments as size can greatly affect cell 

behaviour. Microcapsule size also greatly affects cell egress6, another parameter we wanted to 
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keep consistent as we investigated effects of the encapsulation material and cell types on cell 

behaviour.  

For samples of blended RGD-modified and regular agarose, the hydrogel samples were 

first mixed, and heated to 70 ˚C. For regular agarose samples, the regular agarose was heated 

first. The sample was slightly cooled at room temperature for about a minute before adding 

extracellular matrix (ECM) proteins and finally cells immediately before encapsulation. ECM 

proteins (fibronectin and fibrinogen) were added to the hydrogel to mimic the natural 

extracellular environment of the cells and to create a more desirable environment. Preparation 

of the sample directly before encapsulation was important to reduce hydrogel pre-gelling inside 

the microfluidic device which can cause clogging of this device. The concentrations of 

components within the final encapsulated sample were: 2% w/v agarose, 8.5 million cells/ mL, 

0.1 mg/ mL fibrinogen and 0.1 mg/ mL fibronectin. RGD-modified agarose data included here all 

used a 2:1 modified to regular agarose ratio as preliminary results show that this material gave 

the best results in terms of ease of encapsulation and high levels of attached cells.   

Figure	10	Image	of	droplet	formation	at	nozzle	inside	microfluidic	device.	Full	black	
arrows	show	flow	of	continuous/	oil	phase.	The	blue	dashed	arrow	shows	the	flow	of	
dispersed,	aqueous	flow.	Cells	are	seen	inside	the	aqueous	agarose	stream,	and	within	
the	monodisperse	microcapsules	formed	downstream	of	nozzle.		



 

 33 

 Images of microcapsules made within the microfluidic device were taken throughout the 

encapsulation process (Figure 10) and diameters were measured using ImageJ. Inlet pressures 

were altered accordingly to maintain 50 µm diameter microcapsules. Approximate pressures 

used were approximately 0.11 MPa for oil inlets and 0.12 MPa for the agarose inlet, using the 

microfluidic device shown in Figure 9. With these pressures, a typical 150 µL sample took about 

1 h 20 min to encapsulate.  

 

2.5.5 Mixing Experiments 

 Mixing experiments were also conducting using empty microcapsules, i.e., no cells inside. 

These empty microcapsules were made using the same method described above except that no 

cells were present, and PBS was used to make up for the missing volume in the agarose solution. 

Microcapsules were made using this solution inside the microfluidic devices and were collected 

in media. Cells suspended in media were then mixed with the empty microcapsules in media to 

investigate the attachment of non-encapsulated cells to different agarose types. The same 

method was used for analysis for both encapsulated cells and mixed cell samples.  

 

2.6	Preparation	of	Samples	

After microfluidic encapsulation, microcapsules were collected into a centrifuge tube 

filled with 500 µL of media, kept on ice. Separation of the top oil phase and the bottom aqueous 

phase containing microcapsules was first done following centrifugation. The sample was 

centrifuged two times at 3 min at 300 x g, with the sample transferred into a new tube between 

each centrifugation step. Transferring of the sample helped to remove all traces of oil present in 
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the aqueous phase. Samples were then prepared for two separate analysis methods – timepoint 

microscopy studies and Cell Counting Kit-8 (CCK-8) studies. Timepoint microscopy samples were 

prepared in 35 mm cell culture treated petri dishes, containing 70-100 µL of microcapsule sample 

and 1000 µL media. Six samples were prepared for each experiment, 3 timepoints (2 h, 24 h, and 

48 h after encapsulation) with two different dish coating conditions. One set of samples had no 

dish coating so that cells could adhere to the dishes surface, and the other set consisted of dishes 

coated in poly(2-hydroxyethyl methacrylate) (pHEMA). The pHEMA coating eliminated cell 

adhesion to the Petri dish, thereby mimicking an environment where no nearby surface was 

available for the attachment of egressed cells. All samples measured using CCK-8 studies were 

completed in pHEMA coated 96-well plates. A schematic of the entire sample preparation 

procedure is shown below (Figure 11).  

Figure	 11	 Schematic	 of	 experiments.	 Cells	 and	 agarose	 were	 mixed	 together,	 then	 used	 in	 the	
microfluidic	 device	 to	 create	 cell-laden	 microcapsules.	 After	 encapsulation,	 the	 sample	 was	
centrifuged	to	easily	remove	all	oil	from	sample.	The	purified	sample	was	then	added	to	petri	dishes	
to	conduct	timepoint	analysis	of	each	sample	using	a	fluorescence	microscope.		
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2.7	Timepoint	Analysis	

Samples were analyzed at three timepoints (2 h, 24 h, 48 h) to track cell behaviour in the 

agarose microcapsules. The first timepoint (2 h) was the earliest possible time to analyze the 

sample. Encapsulation typically took about 1.5 h to complete, and the viability assay must sit at 

room temperature for 30 min before imaging. Therefore, the 2 h timepoint was used as the initial 

sample and many quantities were referenced from the data collected at this time.  

Images were collected at each timepoint and allowed for measurements of cell viability.  

Cells were first stained using a fluorescence viability stain (LIVE/DEAD Viability/ Cytotoxicty kit, 

Invitrogen). The stain was comprised of calcein (1.2 µM) and ethidium homodimer-1 (EthD-1; 1 

µM) in PBS and 0.25-0.5 mL of this solution was added to each sample. These dishes were held 

at room temperature for 30 min before imaging on an Olympus IX51 fluorescence microscope 

using a FITC filter for calcein and a TRITC filter for EthD-1. Each analyzed image consisted of three 

separate images – a FITC image, a TRITC image and a brightfield image to view the agarose 

microcapsules (example images shown in Supplementary Information Figure 22). The brightness 

and contrast of each image was optimized, and the three images were compiled together in 

ImageJ, to then be used for analysis.  

 Analysis of each image was completed by manually counting microcapsules, noting the 

number of cells inside, and cells were categorized as either dead (red cells) or alive (green cells), 

due to fluorescence staining from the Live/Dead kit. Five images of each sample were collected 

at each timepoint to use for analysis. The images collected for viability studies were also used to 
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measure other quantities, specifically microcapsule occupancy, cell egress/ escape from 

microcapsules, and cell attachment to microcapsules.  

 

2.7.1 Cell Egress 

 Egress is defined as the fraction of encapsulated cells that migrate out of the hydrogel 

microcapsules. It is determined using the change in occupancy of the microcapsules between the 

various timepoints, using the following equations: 

 %	cumulative	egress =
occupancy!) − occupancy!*/*,)

occupancy!)
 (5) 

 

 occupancy =
#	total	encapsulated	cells
#	total	microcapsules  

(6) 

 

The subscript values refer to the timepoint for each image. Equation 5 was used for either the 24 

or 48 h timepoint and both calculations were referenced with respect to the initial 2 h timepoint, 

as cumulative egress was calculated here. 

 

2.7.2 Viability 

Viability was determined using the number of live and dead cells. Any egressed cells at 

later timepoints were considered to be alive; therefore, live cells were defined as all live 

encapsulated and all egressed cells in the images. Total cells referred to all cells, regardless of 

whether they were encapsulated or not. The following equation was used to calculate cell 

viability: 
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 %	viability =
#	live	cells
#	total	cells. 

(7) 

 

2.7.3 Cell Attachment 

Attached cells were identified by irregular cell shapes that contoured around the edge of 

agarose microcapsules; examples are shown in Figure 17. Cell shape was not always easy to 

determine, due to some cells lying outside the focal plane, therefore inherit variability was 

present when determining this quantity. Cell attachment was calculated using the number of 

egressed cells that then attach to the outside of microcapsules, using the following equation: 

 %	cells	attached = 	
#	attached	cells

microcapsuleM
#	egressed	cells	

microcapsuleM
	 (8) 

where 
 	#	attached	cells microcapsuleM =

#	attached	cells!*/*,)
#	total	microcapsules!*/*,)

	 (9) 

and 

 #	egressed	cells
microcapsuleM =

#	live	encap. cells!) × 	%	cumulative	egress!*/*,)
#	total	microcapsules!)

.	
(10) 

 

As with Equation 5 for cumulative egress, the subscripts 2h, 24h, and 48 h refer to the timepoints 

for each image. Equations 8-10 were used for both 24 h and 48 h timepoints with the 

corresponding data used for the calculations of the number of attached and egressed cells for 

each timepoint.  
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2.8	CCK-8	Studies	

 Cell viability was also determined using a second method to achieve a deeper 

understanding of the health of the cells. CCK-8 studies measure the number of metabolically 

active cells in the sample. All CCK-8 samples were prepared in 96 well plates, all with the pHEMA 

dish coating. The CCK-8 reagent was added to each sample 2 h before the absorbance reading 

using a plate reader.  A calibration curve using a range of different cell concentrations was 

completed for each cell type and was used to convert absorbance readings of each sample to the 

number of metabolically active cells in the sample.  

 

2.9	Confocal	Microscopy	of	Focal	Adhesions	

 The presence of focal adhesions on encapsulated and egressed cells was investigated 

using a staining protocol for actin cytoskeleton and vinculin. Cell samples were stained according 

to the protocol described for the Actin Cytoskeleton and Focal Adhesion kit (Millipore) that was 

used. Briefly, encapsulated cell samples were first prepared by gently centrifuging encapsulated 

cells suspended in media for 5 min at 300 x g. Once a pellet was formed, the supernatant was 

carefully removed, leaving as little remaining media as possible. PBS was then added, the sample 

resuspended, and then centrifuged again under the same conditions to pellet and remove PBS. 

Due to the nature of these samples, and the fact that the cells were not attached to a glass slide, 

but free floating in microcapsules in a solution of media, all washing steps were conducting using 

this protocol of centrifugation, resuspension in PBS, then centrifugation again to remove PBS. 

Next, encapsulated cells were fixed using a 4% (w/v) paraformaldehyde solution in PBS for 20 

min at room temperature with mild shaking. Encapsulated cells were washed twice with PBS, 
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then permeabilized with a solution of 0.1% (v/v) Triton X-100 in PBS for 5 min at room 

temperature. The sample was again washed twice with PBS as previously described. The 

encapsulated cell pellet was then blocked using a blocking solution of 1% (w/v) BSA in PBS for 30 

min at room temperature. Anti-vinculin antibody (1:500 v/v in blocking buffer) was then added 

to the sample and incubated at room temperature for 1 h with mild shaking. The sample was 

then washed twice with PBS and an anti-mouse-Alexaflor 488 (ThermoFisher) was used at a 

1:1000 dilution in blocking buffer to tag the anti-vinculin antibody for visualization. 

Simultaneously, TRITC-conjugated to Phaloidin was added to the blocking buffer (1:1000 v/v) to 

visualize the actin cytoskeleton. For the last 5 min of the staining procedure, DAPI was added to 

the staining buffer to label cellular nuclei. A final wash with PBS was performed to remove excess 

stain. Encapsulated cells were placed onto glass slides and covered with glass coverslips. Cover 

slips were sealed, and slides were cleaned for observation. Confocal microscopy was conducting 

using a Ziess LSM 880 confocal microscope. Carl Zeiss ZEN 2.3 (black; release version 13.0.0) 

software was used to edit and analyze the images.  

 

2.10	Statistical	Analysis	Methods	

All statistical analysis was completed using Excel and R software. All tests between 

different timepoints (same agarose types and plate coatings) were conducted using paired T 

tests, and all others comparing agarose types and plate coating conditions for the same time 

point were conducted using Student T tests. All graphs show error bars of standard error of the 

mean.  
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3 RESULTS AND DISCUSSION 
 

 The research presented here describes one proposed method of increasing cell retention 

in cell-based therapeutic strategies. One common issue with these cell strategies is the low 

retention of cells at the site of interest due to negative immune responses and vasculature 

clearance. Without cells near the injured site for long periods of time, these cells cannot impart 

strong paracrine signalling, or engraft into the damaged tissue. This loss of cells leads to reduced 

efficacy of cell-based treatments. Encapsulation of cells in hydrogel microcapsules has been 

shown to increase the retention of cells at the injection site3, but other studies have shown that 

cells can still egress agarose microcapsules very quickly.6 Cell egress limits the beneficial effects 

of encapsulation because the cells escape the microcapsules and dissociate from the hydrogel 

immediately, which means that negative immune effects and vasculature clearance are once 

again affecting these cells and clearing them from the site.  

 The proposed strategy for increasing cellular retention is through modifying the 

encapsulation hydrogel with cell binding domains, specifically RGD sites. The addition of cell 

binding domains allows the cells to attach to the outside of the microcapsule once it has 

egressed, and therefore allows for longer association with the microcapsule. Longer association 

time is hypothesized to increase the efficacy of these cell treatments due to a longer time to 

provide paracrine signalling or allow more time to engraft into surrounding tissues.  

 The attachment of cells onto RGD-modified agarose microcapsules was investigated by 

encapsulating cells in RGD-modified agarose microcapsules and comparing their behaviour to 

cells encapsulated in regular agarose microcapsules. Cell behaviour was determined using 
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timepoint fluorescence images to study cellular egress from the microcapsules and the viability 

of the cells inside and outside the microcapsules, and to observe and quantify cell attachment to 

microcapsules. Encapsulated cells were observed at three timepoints after encapsulation and 

these quantities were compared to identify changes to cell behaviour with time. These 

experiments were conducted in different cellular environments used to mimic different in vivo 

conditions and using multiple cell types to determine whether the effects observed with RGD-

modified agarose was cell specific or can be used in the future for multiple different cell-based 

strategies with many different targeting tissues.  

 
3.1	Encapsulation	of	Cells		

Cells were encapsulated in both regular agarose and RGD-modified agarose using a 

microfluidic approach to compare these two different materials. Encapsulation using RGD-

modified agarose was more challenging than regular agarose as the physical properties of the 

agarose changed due to the RGD modification. The melting and gelling temperatures shifted and 

therefore higher temperatures were needed to keep the RGD-modified agarose in its fluid state, 

which was difficult during encapsulation since the temperature of the cells could not be raised 

above 37 ˚C. RGD-modified agarose was melted at 70 ˚C, whereas regular agarose was routinely 

Figure	12	NIH	3T3	cells	encapsulated	in	A)	100%	RGD-modified	agarose,	B)	100%	regular	agarose,	C)	2:1	RGD-modified	
to	regular	agarose	blend.	The	blended	sample	clearly	shows	microcapsule	size	and	shapes	that	are	more	similar	to	regular	
agarose	than	100%	RGD-modified	agarose.	
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melted at 60˚C, with a noticeable change in the fluid state of the RGD-modified agarose inside 

the tube at this higher temperature. When vortexing the melted RGD-modified agarose solution, 

the meniscus did not move up the side of the tube at 60 ˚C, whereas at 70 ˚C the meniscus was 

seen very easily moving up the side of tube during vortexing. Microcapsule formation using 100% 

RGD-modified agarose created “messy” samples - microcapsules were misshapen, inconsistently 

sized (as shown in Figure 12 A) and the agarose often clogged the microfluidic device due to pre-

gelling in the inlet. NIH 3T3s encapsulated in regular agarose microcapsules are shown in Figure 

12 B, where microcapsules have very uniform sizes and shapes, with cells evenly distributed 

between the microcapsules, and no agarose clumps were present. For this reason, a blend of 

regular and RGD-modified agarose was used for experiments as this helped keep the agarose in 

its fluid state within the required temperature range. Eventually a blend of 2:1 modified to 

regular agarose was chosen due to ease of encapsulation within the microfluidic device, and 

increased viability compared to full modified agarose. NIH 3T3s encapsulated in this 2:1 RGD-

modified to regular agarose blend are shown in Figure 12 C, where it can be clearly seen that the 

size and shape of microcapsules was more similar to that of regular agarose sample (Figure 12 

B). This dilution of RGD-modified agarose gave a concentration of RGD sites in the final solution 

used for encapsulation (assuming homogeneous distribution of RGD sites) of about 3 x 108 RGD 

sites/ pL, which is roughly 2x1010 RGD sites/ droplet, or a surface concentration of roughly 4500 

RGD sites/µm2 , which should be sufficiently concentrated for cells to easily find RGD sites in the 

diluted encapsulation material if desired.  

Timepoint images of cells encapsulated in regular agarose microcapsules clearly showed 

signs of cell escape or egress from the microcapsules. Figure 13 shows images of NIH 3T3 cells 
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encapsulated in regular agarose at A) 2 h after encapsulation, and B) 48 h after encapsulation. At 

2 h, the cells were clearly all encapsulated inside the agarose microcapsules, and were in their 

rounded, unattached state inside the hydrogel matrix. After 48 h, the NIH 3T3 cells have escaped 

the hydrogel, and have attached to the bottom of the culture dish in which the sample was 

incubated, highlighted by red arrows in Figure 13 B.  

One of the main reasons that cells are encapsulated in hydrogels for cell-based 

treatments is to reduce cellular clearance at the site of injury. The increased size of the hydrogel 

spheres reduces the clearance of the much smaller cells inside the hydrogel, since the fluids 

flowing through tissues cannot easily move these hydrogels. Cell egress from agarose 

microcapsules reduces these beneficial effects of encapsulation since egressed cells are once 

again free floating and therefore can easily be cleared from the injection site. Cellular egress must 

be reduced to obtain high levels of injected cells at the site of injury. In this study, the percentage 

of cells lost from egress was quantified and allowed for the determination of any effects on cell 

behaviour due to the RGD-modification of the agarose.  

 

Figure	13	NIH	3T3	cells	encapsulated	in	regular	agarose	at	A)	2	h	and	B)	48	h	after	encapsulation.	Sample	
incubated	in	regular	dish	coating.	Cells	have	escaped	the	agarose	microcapsules	and	are	seen	attached	to	the	
bottom	of	the	dish	after	48	h,	whereas	all	cells	are	encapsulated	at	2	h.	Red	arrows	highlight	cells	that	have	
egressed	and	attached	to	bottom	of	dish.	
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3.2	Microcapsule	Occupancy	

 Microcapsule occupancy (Equation 6) was used to determine cell egress from the 

microcapsules. As shown in Figure 14, occupancy mostly decreased for each sample with time, 

due to cell egress, which was expected from previously published research.6 These results also 

confirmed that most of the cell egress was occurring in the first few hours after encapsulation, 

as seen by the largest decreases in microcapsule occupancy between the 2 h and 24 h samples,  

specifically for the NIH 3T3s in regular agarose, HUVECs in regular agarose, and EDCs in RGD-

modified agarose.  

The variability in the cell egress values was quite large, most likely due to sample 

preparation methods. The cell concentration in the liquid agarose solution used for encapsulation 

most directly affected the determination of the initial microcapsule occupancy, and issues with 

cells clumping prematurely, and any inaccuracies in cell counting can also lead to drastic effects 

on cell concentration and therefore the initial microcapsule occupancy. Chilling the cells before 

use and counting multiple aliquots of the cell solution helped to decrease this variability but, to 

some degree, it is unavoidable during these experiments.  

Figure	 14	 Occupancy	 data	 of	 microcapsules	 for	 different	 cell	 types	 at	 three	 different	 timepoints	 after	
encapsulation.	Data	shown	here	was	collected	from	cell	culture	treated	plates.	Shown	is	mean	±	SEM.	n	³	3	
for	each	data	point.		
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3.3	Cell	Egress	

Early results indicated that cells egress regular agarose microcapsules quickly and 

effectively after encapsulation, as shown in Figure 15. In fact, 40% of NIH 3T3 cells encapsulated 

in regular agarose egress within 48 h. For the therapeutic cell types tested (HUVEC and EDC), 

egress efficiency is slightly reduced, with about 25% cell egress (24% and 25% respectively) after 

48 h in regular agarose. Results for RGD-modified agarose do not show significant differences in 

cell egress efficiency compared to those measured for regular agarose. 

These results are relatively consistent with previous research where observed cell egress 

from regular agarose microcapsules was about 25% for NIH 3T3s and 30% for HUVECs, 48 h post 

encapsulation.6 The results provided here correspond to values of 40% for NIH 3T3s and 25% 

HUVECs with the same experimental conditions. Possible changes in gelling time in the present 

study may account for the slight differences in cell egress, especially with the NIH 3T3 cells. The 

Figure	15	Plot	of	cell	egress	with	three	cell	types.	Data	collected	on	regular	dish	coating	surface.	Striped	bars	show	data	
collected	with	regular	agarose,	and	solid	bars	show	data	collected	with	RGD-modified	agarose.	n	³	3	for	all	data	points.	
Shown	is	mean	±	SEM.		*	p	<	0.05	using	t	tests	for	comparisons	of	different	agarose	types.	
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heated box used in these experiments may have led to increased gelling time and therefore 

affected cell egress from microcapsules.   

 
3.4	Cell	Viability	

Previous studies on microfluidic encapsulation of cells showed that the encapsulation 

process used here does not have a negative effect on cell viability.3,6 In the present study (Figure 

17), cell viabilities were quantified post encapsulation at a 2 h timepoint. NIH 3T3 cells showed 

viability at this timepoint of (97  ± 1)% and (75 ± 3)%, HUVECs with (94 ± 1)% and (84 ±3 )%, and 

EDCs with (95 ± 1)% and (76 ± 3)%, for regular agarose and RGD-modified agarose respectively. 

NIH 3T3s encapsulated in regular agarose showed statistically no change in viability over 48 h, 

whereas the HUVEC and EDC cells showed a significant reduction in cell viability. There are no 

statistical changes in viability between agarose types at the later timepoints of 24 h and 48 h. 

Differences were observed at 2 h for NIH 3T3s and EDCs.  There was a decrease in viability of 

EDCs in regular agarose with time (95 ± 1)% at 2 h, (64 ± 4)% at 24 h, and (54 ± 7)% after 48 h. 

No statistical difference was observed in viability with time for NIH 3T3s and HUVECs in regular 

or RGD-modified agarose.  

The high values of initial cell viability indicate that the encapsulation process and sample 

preparation was not exceptionally stressful for the cells, consistent with our previous findings3,6. 

Viability differences between agarose types at the initial timepoint could be due to differences 

in sample preparation, or the passage number of the cells. Since the later timepoints showed no 

significant differences, and these initial differences were not seen for all cell types, it was most 

likely not the agarose type that caused these differences.  
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Initial occupancy values were slightly lower with EDCs encapsulated in regular agarose 

compared to the RGD-modified samples (36% versus 47% occupancy, respectively; Figure 14), 

which could lead to the lower viability observed for the EDC samples. Cell behaviour is heavily 

influenced on proximity to nearby cells3; therefore, lower occupancy means less cells nearby each 

other that potentially decreased viability. Another reason for this could be that primary cells are 

more affected by environmental conditions, and therefore effects are greater with EDCs than 

with a cell line like NIH 3T3s.  

 Cell viability was also assessed through a CCK-8 proliferation assay (Figure 16 B). Two 

methods were used to quantify cell viability because each method assesses different 

characteristics of cell viability. The live/dead fluorescence assay measures the membrane 

integrity of the cells as well as intracellular esterase enzymatic activity.74 The CCK-8 assay 

measures the amount of solute added to a cell solution that is converted into a visible product 

through intracellular transport of electrons.75 Therefore, this assay quantifies the number of cells 

Figure	16	Plot	of	cell	viability,	for	samples	on	pHEMA	coated	dishes.	Striped	bars	show	data	collected	with	regular	agarose;	
solid	bars	show	data	collected	with	RGD-modified	agarose.	A)	Viability	determined	through	live/dead	fluorescence	assay.	
B)	CCK8	results	for	EDC	samples.	n	³	3	for	all	samples.		Shown	is	mean	±	SEM.	*	p	<	0.05,	**	p	<	0.01,	***	p	<	0.001	using	
paired	t	test	for	comparisons	between	different	timepoints,	t	tests	for	comparisons	between	different	agarose	types.		
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that are undergoing regular intracellular activities. Both assays are regularly used to quantify cell 

numbers and viability in cell samples.3,6,59 Quantifying metabolically active cells as well as 

quantifying cell membrane integrity are crucial factors to ensure cell survival; therefore, it was 

important to investigate both properties.  

 We assessed encapsulated EDC cells using a CCK-8 assay. The CCK-8 results showed that 

EDCs had no significant change in cell viability/ proliferation up to 48 h after encapsulation in 

either agarose type. In Figure 16 B, we can see that all results corresponded to statistically the 

same number of cells at all three timepoints (12600 ± 400 cells and 12500 ± 500 cells for regular 

agarose at 2 h and 48 h timepoints respectively, and 11300 ± 400 and 12000 ± 300 cells for RGD-

modified agarose at 2 h and 48 h timepoints respectively). This is a different trend than the results 

for EDCs encapsulated in regular agarose using the fluorescence viability assay. There are a few 

possible reasons for this apparent contradiction. The sample size measured using the CCK-8 assay 

reflects the entire sample in the dish, which is much larger than the manual counting of cells from 

a small subsample of the dish with the fluorescence viability assay. The smaller sample will 

inherently have more variability in the measured quantity. The microcapsule concentration inside 

the dishes was also much higher for the CCK-8 assay compared to the fluorescence assay to 

ensure the absorbance signal lay within the optimal, linear region of the calibration curve. Due 

to the high concentration, egressed cells must be much closer to each other, which could have 

led to cell clumping and some proliferation outside the microcapsules and therefore an increased 

signal.  

The CCK-8 assay also revealed that using RGD-modified agarose did not significantly 

reduce the metabolic activity of encapsulated EDC cells. These tests were conducted in stationary 
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samples, where all cells in the initial sample remained within the well for the duration of the test. 

In an in vivo environment, many of the egressed cells that do not attach to a microcapsule are 

quickly cleared away from the targeted tissue via vasculature flow.3  

 

3.5	Cell	Attachment	to	Microcapsules	

Previous in vivo studies suggested that agarose microcapsules tend to remain in the 

targetted tissue for days, whereas cells that egress these microcapsules are quickly cleared out 

of the tissue by vasculature.3 Cells encapsulated in RGD-modified agarose also egress their 

microcapsules, as shown above in Figure 17, but these cells are observed to adhere to the outside 

of these microcapsules. Examples of encapsulated cells are shown below, in RGD-modified 

agarose in Figures 17 and in regular agarose in Figure 18, all shown 48 h post encapsulation, in 

pHEMA coated dishes. Each image in Figure 17 shows cells that have egressed their microcapsule 

and were now clearly wrapping around the microcapsule surface. Red arrows highlight the cells 

that are identified as attached to the RGD-modified agarose microcapsules. Figure 17 A shows 

EDCs encapsulated in RGD-modified agarose and Figure 17 B-D shows NIH 3T3s encapsulated in 

RGD-modified agarose. As can be seen in these images, various cell shapes and conformations 

were observed in samples of cells encapsulated in RGD-modified agarose. Small clumps of 

attached cells were common, as shown in Figure 17 D, as well as cells lying in between multiple 

microcapsules, as shown in the bottom aggregate of cells of Figure 17 C.  

A) 
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In contrast, cells encapsulated in regular agarose showed essentially no indication of cell 

attachment, or any wrapping around the outside of microcapsules, as shown in Figure 18. EDCs 

encapsulated in regular agarose are shown in Figure 18 A, and NIH 3T3s encapsulated in regular 

agarose are shown in Figure 18 B. The red arrows highlight cells that have egressed the 

microcapsules, but remained rounded and spherical in shape, without any apparent associations 

with the regular agarose microcapsules. These reference samples highlight the drastic difference 

in cell behaviour and shape observed between cells and RGD-modified agarose material and cells 

regular agarose material.  

Figure	 17	 Cells	 encapsulated	 in	 RGD-modified	 agarose	microcapsules.	 All	 red	 arrows	
highlight	cells	that	are	attached	to	microcapsule	surfaces.	A)	EDCs	after	48	h	in	pHEMA	
coated	dish	B),	 C),	D)	 all	 show	NIH	3T3s	 after	48	h	 in	pHEMA	coated	dishes.	Various	
examples	of	shapes	of	cells	can	be	seen	attached	to	the	outer	microcapsule	surfaces.		
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Cell attachment to RGD-agarose microcapsules was observed for all cell types tested, for 

both plate coatings of regular culture treated dishes, as shown in Figure 19 A, and adhesion 

inhibited coatings with pHEMA, as shown in Figure 19 B. NIH 3T3s presented the highest level of 

attachment with around 40% of the egressed cells attached to microcapsules after 24 h, as 

observed on pHEMA coated dishes. There was nearly no cell attachment to regular agarose 

microcapsules under all sample conditions – less than 5% cell attachment for all cell types, plating 

conditions, and timepoints. Meanwhile RGD-modified agarose microcapsules had up to 43% 

attached NIH 3T3s, 33% attached HUVECs, 20% attached EDCs, as shown in Figure 19.  EDC cell 

attachment also improved with pHEMA coated plates compared to no coating: (3 ± 1)% and (16 

± 1)% after 24 h, and (1 ± 1)% and (20 ± 3)% 48 h, for uncoated and pHEMA coated plates 

respectively. Since regular dish coating is optimized for cell attachment, these results suggest 

that therapeutic cells have increased attachment to RGD-modified agarose microcapsules when 

Figure	18	Cells	encapsulated	in	regular	agarose.	All	red	arrows	show	egressed	cells	that	are	
not	attached	to	surface.	A)	EDCs	after	48	h	in	pHEMA	coated	dish	B)	NIH	3T3s	after	48	h	in	
pHEMA	coated	dish.	All	egressed	cells	are	seen	in	rounded,	unattached	state.	
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no other optimal surface for attachment is available in their surroundings. In pHEMA coated 

dishes, we observed the cells wrapping themselves around the RGD-modified microcapsules.  

	

3.6	Mixing	Experiments		

 
The results of mixing experiments between NIH 3T3 cells and empty agarose 

microcapsules are shown in Figure 20; image A shows mixing with RGD-modified agarose 

microcapsules, and image B shows mixing with regular agarose microcapsules. For experiments 

with RGD-modified agarose material, cells can be seen wrapping around and attaching to the 

microcapsules, whereas in the regular agarose samples, cells were much more aggregated, and 

showed no evidence of attachment or any association with the regular agarose microcapsules. 

The red arrows in Figure 20 A highlight the cells that were clearly associated and wrapped around 

the RGD-modified agarose microcapsules. For the cells that were attached to the microcapsules, 

they often attached in smaller aggregates, as shown in Figure 20 A on the right side, which made 

Figure	19	Plots	of	 cell	 attachment	 to	microcapsules.	A)	 cell	 attachment	 to	microcapsules	 incubated	on	
regular	culture	dishes,	B)	cell	attachment	to	microcapsules	incubated	in	pHEMA	coated	dishes.	Significant	
differences	 are	 seen	 between	 regular	 and	 modified	 agarose	 samples	 for	 most	 cell	 types.	 Association	
between	pHEMA	coating	and	increased	cell	attachment	is	also	seen	with	EDC	samples.	Coloured	daggers	
represent	statical	significance	between	samples	between	the	two	plots.	n	³	3	for	all	data	points.	Shown	is	
mean	±	SEM.	*	p	<	0.05,	**	p	<	0.01,	***	p	<	0.001,	†	p	<	0.05,	††	p	<	0.01.		

A)	 B)	
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it challenging to quantitatively determine the number of attached cells. Although these 

experiments did not provide quantitative data, they clearly showed that there is increased 

cellular adhesion with RGD-modified agarose compared to regular agarose and they provide 

further evidence that cells interact differently with a hydrogel that contains cell binding domains.   

 

3.7	Confocal	Imaging	of	Focal	Adhesions	

Confocal microscopy was performed on samples of cells encapsulated in RGD-modified 

agarose. The formation of cellular focal adhesions serves as an indicator of cell attachment to a 

surface. These focal adhesions are detected by observing accumulation of vinculin at the ends of 

actin filaments, and they would typically be observed along the cell membrane. EDCs were 

stained with multiple fluorescence dyes then viewed under a confocal microscope. In Figure 21 

A, the FITC-conjugated secondary antibody to anti-vinculin is seen, showing the location of 

accumulations of vinculin along the cell membrane. Figure 21 B shows the DAPI stained nuclei of 

possibly two cells that have egressed and are seemingly attached to the microcapsules. The 

TRITC-conjugated Phalloidin is shown in Figure 21 C, mapping the location of the actin filaments 

within the cells. The orientation of these filaments is difficult to observe in this image, most likely 

Figure	 20	 Cells	 mixed	 with	 empty	 agarose	 microcapsules.	 A)	 NIH	 3T3s	 mixed	 with	 RGD-modified	 agarose	
microcapsules.	 Red	 arrows	 show	 cells	 that	 have	 attached	 to	microcapsule	 surfaces.	 B)	NIH	3T3s	mixed	with	
regular	 agarose	 microcapsules.	 Larger	 aggregates	 of	 cells	 formed	 and	 there	 was	 no	 indication	 any	 cell	 had	
associated	or	attached	to	the	surface	of	microcapsules.		
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due to the 3D nature of the image, therefore the single focal plane not being able to capture the 

entire cell volume within this image. The brightfield image (Figure 21 D) clearly shows the cells 

lying outside a single microcapsule and contouring around the outside surface of multiple RGD-

modified agarose microcapsules. The localized regions of vinculin around the outside of the cells, 

where they contact the surrounding microcapsules provides evidence that these structural focal 

adhesions are forming between the cells and the RGD-modified agarose, and a proper 

mechanical link is present in these samples.  

 

 

  

Figure	21	Images	of	an	egressed	EDC	cell	that	was	encapsulated	in	RGD-modified	agarose	and	incubated	for	24	h	at	37˚C	
before	fluorescent	staining.	A)	FITC-conjugated	secondary	antibody	to	anti-vinculin,	showing	the	location	of	vinculin,	which	
is	involved	in	the	formation	of	focal	adhesions.	B)	DAPI	stained	nuclei	of	two	cells.	C)	TRITC-conjugated	Phalloidin	showing	
the	location	of	actin	filaments	within	the	cell.	D)	Brightfield	image	of	the	egressed	cells,	clearly	lying	outside	a	microcapsule,	
and	contouring	around	 the	 surface	of	 surrounding	microcapsules.	E)	Overlaid	 image	of	 each	 stain	with	 the	brightfield	
image.		
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4 CONCLUSIONS  
 

 Three major goals were achieved in this research project. First, I was able to determine 

that, by adding cell binding domains into agarose hydrogel used for cell microencapsulation, cells 

were able to attach to the outside of the microcapsules.  These results are in stark contrast to 

cells encapsulated in regular agarose where essentially no attachment was observed. Second, I 

was able to quantitatively determine the number of cells that egressed the microcapsules and 

then attached to the outside of these microcapsules. Thirdly, I was able to show that this cell 

attachment behaviour is seen with multiple different cell types, including therapeutically relevant 

cell types.  

 A microfluidic device was used to encapsulate cells in regular agarose and in novel RGD-

modified agarose. Fluorescence microscopy was used to analyze these samples at various 

timepoints up to 48 h after encapsulation to determine the cell viability, microcapsule occupancy, 

cell egress from microcapsules, and cell attachment to microcapsules. These tests were 

conducted in two different plate coating conditions; one with no coating, so that cells could 

adhere to the culture dish; and another with a pHEMA coating, for which cells could not attach 

to the culture dish, thereby mimicking an environment in which the surrounding tissue is not 

available for cell attachment. Since attachment is a key factor for cellular health, cell attachment 

is a key parameter for cell-based therapeutic strategies.  

 The results presented in this thesis show strong evidence that encapsulation of cells in 

RGD-modified hydrogels greatly increased cellular attachment to the outside of their 

microcapsule. Attachment of NIH 3T3 cells increased from 5% when encapsulated in regular 
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agarose to 35% when encapsulated in RGD-modified agarose, when studied in pHEMA coated 

plates. Similar trends were shown with the therapeutic cell lines in pHEMA coated plates, with 

HUVEC attachment increasing from 0% to 15% and EDC attachment increasing from 1% to 20% 

for regular agarose and RGD-modified agarose respectively. Investigating cellular attachment 

onto RGD-modified agarose microcapsules when incubated in regular cell culture treated plates 

versus pHEMA coated plates showed that attachment onto the hydrogel increased when the dish 

surface was not available for cell attachment.  This data shows promise for in vivo studies which, 

in the past, have been limited by the lack of attachment of injected cells to surrounding tissues 

quickly and  the swift clearing of the cells from this area.3 

 The novel RGD-modified agarose used in the studies provided here showed no negative 

effects on encapsulated cell viability. It is important that cells are encapsulated in a desirable 

environment, so that they are healthy and can provide the needed therapeutic effects.  

Cell viability, as measured using the live/dead stain, was reduced from 76% to 72% for EDC cells 

encapsulated in RGD-modified agarose, 84% to 76% for HUVECs encapsulated in the same 

material, and NIH 3T3 cells increased cell viability from 75% to 81%, between the 2 h and 48 h 

timepoints, respectively.  

 The results presented here show great promise for use in cell-based therapeutic 

treatments. By increasing the number of cells associated with the microcapsules, it is 

hypothesized that cell retention will also increase as well. One of the main issues affecting current 

cell-based strategies is low retention and low engraftment of injected cells. Free floating cells 

injected into damaged tissues are very quickly cleared from this site, and therefore give limited 

therapeutic effects.3 Encapsulation of therapeutic cells in hydrogels has been shown to increase 
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cellular retention at the injection site3, but a high percentage of encapsulated cells still egress 

their encapsulation material.6 After a cell has egressed its microcapsule within an unmodified 

hydrogel, it does not interact significantly with its microcapsule and is unlikely to remain at this 

site. The RGD-modified material used here, with added cell binding domains, helps to improve 

cell retention: cells attached to the outside of the microcapsules from which they egressed, 

providing a longer residence time that should result in improvements in the therapeutic effect.  
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5 FUTURE WORK 
 
 
 Further studies using this RGD-modified agarose material for cell encapsulation are 

needed. The data outlined here shows promise for use of this material in vivo but these studies 

still need to be conducted. Testing of therapeutic cells encapsulated in RGD-modified agarose in 

animal models are critical to understanding cellular behaviour in this much more complex 

environment. I have tested cell conditions that closely mimic an in vivo environment, but there 

are many more parameters that were not tested here, such as forces to which the cells are 

subjected to during injection and at the site of tissue damage, as well as a multitude of different 

surfaces and signals with which the cells will interact with. These animal tests are crucial for 

determining whether increased cell attachment does in fact increase therapeutic effects, such as 

scar tissue size, normal tissue functioning, angiogenesis, and many more.  

 Other optimization experiments also should be conducted to determine whether the 

number of egressed cells that attach to microcapsules can be increased. Previous studies suggest 

that increasing microcapsule diameter increases cell-mediated repair when used in damaged 

tissues, presumably due to increased cell-to-cell communication from within higher occupancy 

microcapsules.3 Other studies have also suggested that hydrogel mechanical properties play a 

large role in cell viability within these materials.76 Investigating material properties, especially 

mechanical properties such as gel strength at different concentrations of RGD-modified agarose 

and regular agarose may play an important role in creating an ideal environment for therapeutic 

cells.  
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 Understanding the timeframe in which these cell types egress from the microcapsules 

and attach to the microcapsules is also important. For non-invasive treatments, these cells should 

be injected into the body and then travel to the damaged tissues, and therefore it is important 

to ensure that cells do not egress from the microcapsules before they arrive at the desired 

location. Controlling this time constant of the encapsulation material could have significant 

advantages for drug delivery systems and therefore is an interesting area to investigate further.  

 Eventually biodegradability of the hydrogel will be very important to focus on as well. 

Agarose does not degrade in the body and therefore will stay indefinitely if not modified with 

some biodegradable material. The present system uses a blend of two agarose types, low gelling 

agarose and RGD-modified agarose, and therefore is potentially easy to change this blend to 

include a known biodegradable material such as gelatin, or collagen. These new blends will need 

to be investigated to understand the timescale of degradation and cell behaviour within them, 

but a strategy to address the lack of current biodegradability of this agarose system will be 

necessary.  

 Cell adhesion is mediated by many different proteins, and signals, and other binding 

domains attached to the encapsulation material should also be investigated. Choosing the cell 

binding domain that is specific to a given cell type is advantageous to optimize each specific 

therapeutic treatment. We have considered a general method of increasing cellular retention 

that can be used for a wide range of cell types, and therefore a wide range of cell-based 

treatments, and this has many benefits. However, when focusing on a specific treatment, 

customized methods of cell binding should be designed.  
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6 SUPPLEMENTARY INFORMATION 
 
6.1	Fluorescence	Images	Collected	for	Image	Analysis	

All images used for sample analysis were processed using the same protocol. Three images were 

collected for every composite image that was needed for proper image analysis. Without moving 

the microscope view, one image was collected using the FITC filter, one image was collected using 

the TRITC filter, and one image was collected using brightfield. The brightness and contrast were 

adjusted in ImageJ to optimize he visibility of the features within the images, and the “Merge 

Figure	22	Example	of	 images	of	encapsulated	cells	
used	for	sample	analysis.	A)	live	stained	cells	B)	dead	
stained	 cells	 C)	 brightfield	 showing	 cells	 and	
microcapsules,	 D)	 Composite	 image	 of	 A,	 B,	 and	 C	
made	in	ImageJ.	
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Channels” function in ImageJ was used to create a composite image with separate colours for 

each channel.  
	

6.2	Heated	Acrylic	Box	

This box was used to maintain an 

elevated temperature of the air 

surrounding the encapsulation 

setup to prevent the agarose from 

pregelling in the tubes that were 

attached to the microfluidic device. 

The box is made of acrylic plastic and 

the inside is covered in reflective foil 

thermal insulation. A heat strip was 

used to provide heating within the 

box, and it was attached to a heat 

sink with a small fan connected on 

the other side of the heat sink to 

circulate the heat radiating from the 

heat sink into the rest of the box. 

The heat strip was connected to an 

Omega Temperature Controller 

(CN63200-R1-LV). An external 

thermistor was also connected to 

this controller to provide feedback. 

The system temperature was set to 

36 ˚C and measurements 

throughout the box showed this 

temperature was constant to within 1 ˚C.  

Figure	23	Images	of	heated	acrylic	box	used	to	cover	experimental	
setup	to	warm	sample	vials	and	tubing	that	enters	the	microfluidic	
device	


