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Abstract 

This thesis describes a novel approach for cell encapsulation in alginate gel microbeads. 
The main aim of the thesis was to optimise a microfluidic setup and chip to encapsulate 
cells in monodisperse alginate gel microbeads. A number of cytotoxicity tests were 
therefore carried out to determine the effect of formulations used for the production, 
degradation and gelation of calcium alginate gel beads. Results from these tests revealed 
that the formulations used had little or no significant effect on cell growth, and therefore, 
alginate was deemed to be a suitable cell encapsulating material for further investigations. 

Alginate gel microbeads were produced using hydrodynamic focusing techniques. For this 
purpose two different microfluidic setups were constructed. Fluids (oil, acidified oil and 
samples) were driven through the microfluidic setup by gravity. However, a number of 
drawbacks using this setup arose, such as polydispersity and reproducibility. Syringe 
pumps were introduced into the design of the second microfluidic setup as a means of 
driving fluids through the setup.  

In addition three different microfluidic chips were fabricated with the aim of producing the 
ideal alginate gel microbead. The first microfluidic chip (PMMA MC1) was fabricated 
from PMMA and involved producing alginate gel microbeads that were internally gelified. 
This chip suffered from a number of drawbacks such as continuous blockages within the 
microfluidic channels, which led to the development of the second microfluidic chip. This 
chip was also fabricated from PMMA (PMMA MC2) but in contrast to PMMA MC1, 
gelification occurred externally, i.e. gelation took place off chip, and in this case the 
alginate microdroplets were dropped into a well containing 1 mL of acidified oil. This 
encapsulating procedure caused immediate cell death, which indicated that the internal 
gelation of alginate gel microbeads was favoured. These results also indicated that the 
design of the microfluidic chip needed developing in order to produce the ideal microbeads 
that can be used for cell encapsulation. This led to the fabrication of a novel microfluidic 
chip (PC MC3) which was fabricated from polycarbonate (PC) and involved internal 
gelation of the calcium alginate gel microbeads.  

The combination of using the optimised microfluidic setup and PC MC3, in addition to 
alternations in some of the solutions used to make the alginate microbeads, resulted in the 
production of the desired ideal gel microbeads containing cells. Snap shots of the 
encapsulated cells obtained using fluorescence microscopy after 24 hours of encapsulation, 
revealed that the cells showed some characteristics of living cells, yet at the same time they 
also showed some characteristics of dead cells. These findings demonstrate the potential 
use of the optimised microfluidic setup and PC MC3 chip for many biological and medical 
applications.    
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1 Chapter ONE           Introduction 

 General overview and grand challenges: 1.1

Encapsulating cells in biocompatible microbeads has become more popular in the field of 

tissue engineering due to many advantages that they have to offer, for example providing a 

platform to study cell behaviour and support for cell-cell interactions (2). The work carried 

out in this thesis demonstrates the use of an optimised microfluidic setup, which was 

attached to a simple yet novel microfluidic chip in order to encapsulate single cells/ small 

group of cells in alginate gel microbeads. Microfluidic technology offers numerus benefits 

in cell encapsulating studies, such as reduced amounts of samples, formulations, analysis 

time and high throughput. This thesis reports the optimisation of a microfluidic setup 

including a microfluidic chip (PC MC3), which can be used to encapsulate low numbers of 

cells in alginate gel microbeads with diameters of 150- 200 µm. This microfluidic chip is 

reusable, provides high throughput and can be used by cell biologists. Chapter two 

demonstrates the suitability of alginate as an encapsulating material for viable Jurkat cells, 

while chapters three and four detail the development of a microfluidic setup used to 

encapsulate Jurkat cells in polydisperse alginate gel microbeads. A microfluidic setup that 

is capable of enclosing a small group of viable cells in polydisperse microbeads has great 

potentials in many cell biology and clinical applications. Furthermore, the encapsulated 

cells can be stained with fluorescent dyes to monitor cell viability.     

At present a number of challenges related to cell encapsulation needs to be addressed. 

Firstly, the ability to control and reduce the size of the microbeads is vital. Currently, most 

microgels are produced using a nozzle or a needle resulting in the production of relatively 

large hydrogels (500-1000 µm) (3). The ability to reduce the size of the microbeads is 

advantageous as it will reduce the diffusion distance and provide a high surface to volume 
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ratio, which is vital for nutrients to reach to the cells and for wastes to be disposed. 

Secondly, the polydispersity of microbeads has an effect on the rate of oxygen and nutrient 

diffusion, leading to difficulties in predicting cell survival upon encapsulation (4). Finally, 

the production of deformed microbeads is common and can have a significant impact on 

fibrotic overgrowth once implantations have been carried out (5). To overcome these 

challenges, emulsions have been used to produce relatively small microbeads with 

diameters <500 µm providing an alternative approach to encapsulate cells in polydisperse 

and spherical microbeads (6). 

The gelation process of alginate microdroplets has been conducted by external and internal 

crosslinks with a calcium ion source such as calcium chloride (CaCl2) and calcium 

carbonate (CaCO3) (7). The external gelation of alginate micro-droplets containing cells is 

carried out by delivering the alginate/ cell solution to a calcium ion reservoir (8). Whereas 

the internal gelation of alginate microdroplets occurs when the alginate droplets 

themselves contain a calcium salt such as (CaCO3) and are passed through an acid such as 

acetic acid promoting the release of calcium ions.  

One of the most crucial challenges that emerge when encapsulating cells in microbeads is 

the ability to preserve cell viability when the micro-droplets are formed and polymerised, 

in addition to when the oil phase is discarded. Immediately after cell encapsulation occurs, 

a number of studies reported the initial percentage of cell viability to be over 80%. 

However, the cell viability dropped over prolonged periods, due to the oil phase inhibiting 

nutrient replenishment (9,10). Triggering the release of calcium from an insoluble calcium 

salt should be carried out with care, as lowering the pH could be detrimental to the cells 

over prolonged periods of time (11). Furthermore, the immiscible phase is usually removed 

by centrifuging the microdroplets, which are suspended in a culture medium and an oil 

phase. Furthermore, the choice of oil used has a significant effect on the percentage of cell 
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viability since remaining residues could be detrimental to cells (6). The process of 

centrifuging microbeads containing live cells could lead to a reduction in the rate of cell 

survival due to damages exerted to the microbeads and increased mechanical forces on the 

cells (12).  

A brief overview of thesis structure is detailed in the following section. 
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 Thesis Structure 1.2

This thesis has been divided into five chapters. Chapter One includes a brief introduction 

to the thesis, the aims and objectives and a literature survey on a number of different topics 

concerning cell encapsulation. In particular the literature survey conducted in this Chapter 

focuses on comparing materials used for producing microbeads, materials for fabricating 

microfluidic chips, methods for fabricating microfluidic chips, in addition to providing an 

insight into some fundamental microfluidic concepts.  

Chapter Two describes the materials, methodologies and experimental procedures, which 

were used to make up the solutions that were needed to form alginate gel beads containing 

cells. Furthermore, results from cytotoxicity tests are shown in this Chapter. These tests 

were carried out in order to study the effect of the materials and formulations used on cell 

growth. Findings showed that alginate is indeed a suitable material that can be used for cell 

encapsulation. Alginate was therefore used to encapsulate cells in subsequent 

investigations throughout this Thesis.  

Chapter three describes the materials, methodologies and experimental procedures that 

were used to produce alginate gel microbeads containing cells. A microfluidic setup driven 

by gravity also includes a detailed description of a microfluidic setup and its components. 

This microfluidic setup was constructed specifically to produce alginate gel microbeads. 

Furthermore, the microfluidic chip (PMMA MC1) described in this Chapter was fabricated 

from PMMA and allowed for the production of solidified alginate gel microbeads to occur 

internally (on chip) by the addition of an acidified oil inlet.   

Chapter four gives a detailed description of the materials, methodologies and experimental 

procedures used to produce alginate gel microbeads using an optimised microfluidic setup. 

The microfluidic setup was optimised using syringe pumps to drive the fluids through the 
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system. Furthermore an additional two microfluidic chips (PMMA MC2 and PC MC3) 

were fabricated from polymethyl methacrylate (PMMA) and Polycarbonate (PC) 

respectively. This allowed for a direct comparison between both fabricating materials to 

take place. In addition, PMMA MC3 was designed with an acidified oil inlet; hence 

gelation occurred off chip (externally). These features allowed for direct comparisons 

between solidifying the alginate gel microbeads using both external and internal gelation 

methods. Results obtained showed that the optimised microfluidic setup produced 

polydisperse alginate microbeads containing cells that survived for 24 hours.   

Chapter five concludes the work carried out in this Thesis and provides recommendations 

for future work. 
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 Introduction 1.3

In recent years, an increased interest in developing three dimensional culture systems has 

emerged in the fields of cell biology and in particular cancer biology (13). This growing 

interest is due to increasing concerns that traditional 2D culture systems do not mimic the 

extracellular matrices of biological molecules that are found in tissues of living organisms. 

Therefore many cellular activities, such as cell-cell interactions and cell singling pathways 

cannot take place (13,14). Consequently, results obtained from 2D culture systems may be 

misleading. This means that there is a need to develop 3D culture systems, in order to 

encapsulate human and animal cells to conduct further extensive research studies. 

Furthermore, the development of a reliable 3D culture system at the microscale has great 

potentials for many biological and medical applications (15-20). 

The materials and formulations used for the production of gel beads should be harmless to 

the encapsulated cell and should not produce any toxic by-products (21). Therefore, a 

diverse range of natural (22-47) and synthetic (48-69) polymers have been used to 

encapsulate cells in microbeads. A brief summary of the chemical structures, advantages 

and disadvantages of some of the natural materials used to encapsulate cells are described 

in this chapter. Investigations carried out in this Thesis involved using alginate as an 

encapsulating material because of the many advantages that this natural material has to 

offer such as: biocompatibility, its ease of crosslinking with an active form of an ion such 

as calcium, and because it was successfully used in our research group to fabricate 

microfluidic chips. 

A selection of different materials have been used to fabricate microfluidic chips such as 

silicon (70,71), glass (72), polymethyl methacrylate (PMMA) (73,74) and Polycarbonate 

(PC) (74). PMMA and PC were used to fabricate the microfluidic chips described in this 

Thesis for a number of reasons as described in chapter 3 and 4. Besides this, there a 
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number of different technologies that can be used to fabricate the microfluidic chips. 

However, the choice of technology largely depends on the materials used to fabricate the 

chips. A summary of some of the most common technologies (75-77) used to fabricate the 

microfluidic chips are described in this chapter. This chapter also gives a brief overview of 

some of the most important physical concepts of droplet microfluidics are also reported in 

this Chapter. In addition this chapter provides a critical review on the different methods 

previously reported by other research groups on the production of microbeads, with 

emphasis on a number of different approaches employed for producing calcium gel 

alginate microbeads for cell encapsulation purposes.  
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 Aims and Objectives 1.4

The main aim of this research work was to construct a microfluidic setup that was attached 

to a novel microfluidic chip, in order to encapsulate viable cells in spherical 

monodispersed calcium alginate gel microbeads while also aiming at a minimum survival 

rate of 24 hours, giving enough time for potential physiological process to occur as well as 

any necessary experiments to be carried out on the cells. Specific objectives of work 

carried out in this thesis aimed to: 

 Determine the effect of formulations used for the production and degradation of the 

alginate gel beads on cell viability.  

 Monitor the viability of encapsulated cells in calcium alginate gel beads. 

 Construct a novel microfluidic setup, including a simple novel and reusable 

microfluidic chip to encapsulate single cells in calcium alginate gel microbeads. 

 Determine the cell viability of encapsulated cells using the optimal microfluidic 

setup. 

  



29 
 

 Literature Review 1.5

This section provides a detailed literature survey on a number of different aspects that need 

to be taken into consideration when producing beads to encapsulate live cells, and 

especially at the micro-scale. More specifically the literature focuses on providing a 

summary of some of the most common materials that have been used for cell encapsulation 

and fabricating microfluidic chips. In addition brief descriptions of the different 

technologies used to fabricate the microfluidic chips and a summary of the physics behind 

microfluidics are also provided in this literature survey. 

 Microfluidic technology 1.5.1

Microfluidics is the science and technology that involves processing and manipulating 

minute amounts of fluids, by means of microchannel networks. Microfluidics has gained 

popularity due to the many advantages that this technology has to offer, including: small 

amounts of samples and reagents are sufficient enough for analysing samples, the ability to 

separate and detect samples with high resolution and sensitivity, cost effectiveness and 

short analysis time (78).  

At present, microfluidic systems in its simplest form compromise a chain of common 

components, including: means of introducing fluids such as samples and reagents to the 

system, moving fluids in the chip and mixing and combining fluids (72).  

1.5.1.1 Microfluidic chips 

Microfluidic chips have been fabricated using a broad range of materials including silicon 

(70), glass, polymers, ceramic and metals. Silicon was the first material used to fabricate 

microsensors in the early 1970s. However as technology progressed, non-silicon based 

materials were developed, which led to the establishment of a new field termed 

microelectromechanical systems (MEMS) (70). Furthermore, the use of inkjet printer 

heads showed that significantly small amounts of fluids in microchannels can be 
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manipulated (70). Terry and colleagues reported the construction of a miniature gas 

analysis system based on the concept of gas chromatography. This system involved 

fabricating the main components in silicon, which decreased the size of the system by 3 

orders in comparison to conventional instruments   (70,71). Subsequent studies showed 

that it was possible to handle sample of minute volumes, which led to the introduction of 

the miniaturised total chemical analysis systems (μTAS) concept in 1990 (70,78). Shortly 

after the introduction of this concept, many companies started to adopt such systems for 

applications in life science, which led to the usage of polymers instead of silicon. The rapid 

development in this field led to the introduction of new terminologies amongst researchers 

for example: microfluidics and lab on a chip (LOC) (70). The use of silicon to fabricate 

microfluidic chips is adventurous for many chemical reactions, such as those that require 

high temperature and strong solvents. Despite these advantages, alternative materials to 

silicon have been used to fabricate microfluidic chips for several reasons, including the 

high cost, optical opacity and is not is suitable for biological application. In addition, 

micromachining is laborious, costly and needs specialised skills and instruments (79). 

Glass is another material that has been used to fabricate microfluidic chips due the many 

advantages it has to offer, including its optical properties and well known structure. 

However, the use of both glass and silicon to fabricate microfluidic chips is quite often 

unnecessary, unsuitable, hard to machine, breaks easily and is costly. Most importantly, 

these materials do not have all the properties that are needed for living cell to function 

properly, for example the cells attach to glass and permeability to gases is limited (80). 

Therefore, as microfluidics continues to be in cooperated in biological and medical 

applications, the need to explore other materials was needed. This led to the use of other 

materials for fabrication purposes, such as polydimethylsiloxane (PDMS) (73), polymethyl 

methacrylate (PMMA) (73) and polycarbonate (PC). Subsequently, these polymers have 
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been extensively used as an alternative to silicon and glass, since these materials offer 

many advantages, some of which include: 

 Gas permeable (81).  

 Relatively inexpensive. 

 The ability to produce microfluidic chips on a large scale using injection molding 

and CNC milling techniques, which are relatively inexpensive and fast techniques.  

 The optical and mechanical properties of these natural polymers as well as their 

resistance to chemicals such as acids makes them suitable for use in almost any 

application (82,83). 

 Advantages and disadvantages of microfluidics 1.5.2

Microfluidics offers many advantages, some of which are listed below:  

 Portability: The size of microfluidic setups and in particular the microfluidic chip 

is small enough to be transferred from one place to another. This is an essential 

element in many fields for example, in the healthcare profession, forensic sciences 

and the detections of chemical and biochemical wastes (84,85). 

 Reduced consumption: Minute amounts of samples and reagents are needed in 

microfluidic studies, which in turn reduce the overall cost and waste (84,85). This a 

major advantage in biological and medical related research since reagents such as 

antibiotic are expensive and samples are often limited. 

 Parallelism: Microfluidics allows for reactions to take place in a parallel manner. 

This is a major advantage in many fields such as biochemistry, genomics and the 

pharmaceutical industries (84). 
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 Safety: Microfluidics offers a safer environment to carryout biological and 

chemical studies. This advantage is due to the reduced size of samples and 

formulations needed. 

 Reduced size: The sizes of channels in the microfluidic chips that are fabricated to 

produce microbeads in this Thesis have dimension as small as 100 µm and can be 

made even smaller if needed, which is an optimal feature to manipulate single cells. 

 

The development of microfluidics is still ongoing, however, there still remain some 

challenges that have been encountered in the work carried out in this Thesis and reported 

by others in the literature, some of which are listed below: 

 Physical and chemical properties: Some physical and chemical properties may 

prevail at smaller scales.  

 Reusability and sterility of the microfluidic chips: Most microfluidic chips are 

not reusable and if they are it is difficult to keep them sterilised (86).  

 Initial costing: Initially the fabrication of the microfluidic setup can be expensive 

(86).  

 Mixing the fluids together can be challenging 

 The physics of microfluidics 1.5.3

This section summarises a number of physical phenomena observed at the microscale.  

1.5.3.1 Reynold number 

Reynolds number is an important concept in the field of fluid dynamics, and can be defined 

as the ratio of fluid momentum to frictional forces, which is caused by the channel walls. 

Based on this concept, fluid flow can be divided into two main regimes: Laminar and 
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turbulent flows. Fluid flow is laminar if the Reynolds numbers is low and turbulent when 

it’s high, typically above Re=2000. Equation 1 defines the Reynolds number (84,87): 

�� =
���

�
          Equation 1.1 

Where � represents the average velocity of the fluid (m/sec), � represents the kinematic 

viscosity (m²/sec) and �� is the hydraulic diameter (m), which is defined as follows 

(84,87): 
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� 
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�

           Equation 1.2 

Where h represents the square channel height and w represents the width. 

1.5.3.2 Surface area to volume ratio  

The surface area to volume (SAV) ratio is even more important at the microscale, since it 

increases dramatically. This is an important factor that was accounted for in the 

microfluidic work carried out in this Thesis, as acidified oil for example was used in the 

gelation process of the calcium alginate gel microbeads containing Jurkat cells.  

1.5.3.3 Surface energy 

Surface tension forces are also an important factor at the microscale. Surface tension 

occurs at the liquid/gas interphase due to the solidarity between liquid molecules. The 

amount of tension within a surface can be measured and is known as surface free energy. 

Moreover, the height at which the water travels through within a capillary is directly 

proportional to the surface free energy of the water, and is inversely proportional to the 

capillary’s radius. Therefore, since the channels in the microfluidic chip are microns in 

size, the length that the fluids are driven through the chip is significantly dependant on 

capillary forces.  
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A number of approaches have been exploited to study the surface energies within a 

microfluidic setup, such as the creation of virtual walls (79,88) and pumping mechanisms 

(79,89). The Young-Laplace equation listed below can be used to calculate the pressure 

that is caused due the liquid surface which is perpendicular to the radii of the curvature. 

The Young-Laplace equation is defined as:  

∆� =  �(
�

��
+

�

��
)      Equation 1.3 

Where ∆� represents the pressure, � represents the liquids surface free energy and 

� represents the length of the wall. When using virtual walls, R goes to infinity reducing 

the equation to: 

∆� = 
�

�
       Equation 1.4 

Pressure is an important factor to be considered because excess pressure can kill the cells 

(90). 

 Microencapsulation 1.5.4

Microencapsulation is a simple and inexpensive technique, which was first proposed by 

Chang in the 1960s to enclose biomaterials such as cells and drugs into minute beads or 

tubes (91,92), by exploiting temporary three-dimensional scaffolds that provide a steady 

environment for cell growth and development. These scaffolds are made up of a semi-

permeable membrane to shield the encapsulated biomaterials from potentially harmful 

substances, whilst allowing nutrients and other small molecules such as oxygen, glucose 

and insulin to be exchanged between the capsule and its outer environment through pores 

(91,93,94). However, it wasn’t until 1980 when Lim and Sun developed a novel 

microencapsulation procedure using alginate microcapsules, which initiated a new stage in 

biomaterial encapsulation (94). Since then, remarkable attempts have been made to 
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introduce and develop microencapsulation in the field of biomedicine, such as in drug 

delivery and organ transplants, as well as its use in biotechnology, such as large scale cell 

culturing and fermentation (95). However, despite of the growing development in the use 

of microencapsulation, and the potential benefits this technique may have in curing a 

variety of medical conditions such as type-1- diabetes and organ replacements (by 

protecting cells from immune attack), microencapsulation as it stands today can only 

provide temporary solutions, given that the beads will most likely need to be changed 

every few months. This brief solution may be good news for many individuals, for 

examples those who suffer from conditions such as type-1- diabetes, because of its 

promising ability to provide patients with an alternative treatment to daily injections. This 

treatment will involve encapsulating individual insulin-producing cells pancreatic islet beta 

in a suitable material, which will protect the cells from immune rejection, yet at the same 

time they can still regulate the glucose level and secrete insulin (96,97). However more 

development in this area is needed in order for it to be successfully applied in other areas 

such as transplantations (91). 

Microencapsulation as any other technology has some drawbacks associated with it, with 

the most common drawback being that the scaffolds used must be cell friendly, which in 

turn limits the amount of materials and formulations that can be used during the process of 

encapsulation. Despite this, many materials have shown to be biocompatible as described 

in the following section. 

 Introduction to hydrogels 1.5.5

Hydrogels are networks of cross-linked hydrophilic polymer chains, which provide a three 

dimension network. These gels are highly absorbent, providing suitable environments that 

resemble natural tissues. Hydrogels are therefore suitable candidates for applications in 

various fields such as tissue engineering and drug delivery (98) Many natural and synthetic 



36 
 

polymeric materials have been used to make hydrogels The choice of materials that are 

used for cell encapsulation depends largely on the ability to mimic the extracellular matrix, 

in addition to providing suitable conditions for cell survival and growth (99). These 

materials can be derived from natural such as collagen and gelatine, hyaluronate, fibrin, 

agarose, chitosan and alginate (22-47) or synthetic polymers such as poly(acrylic acid) 

PAA, poly(ethylene oxide) and its copolymers, poly(vinyl alcohol), polyphosphazene and 

synthetic polypeptides (48-69) and can form hydrogels.  

Hydrogels made from natural polymers have gained increased importance for cell 

encapsulation purposes (100), because of the many advantages that these polymers have to 

offer including: high porosity (38), biodegradability, biocompatibility, and non-toxicity. In 

addition natural polymers do not cause undesirable developmental or reproduction effects. 

However, many commercial natural polymers seem to have different biocompatibilities 

and properties (22,100,101). Impurities found associated with natural polymers are most 

likely from the biological sources that they originate from. Some of the common impurities 

include: proteins, bacterial products, complex carbohydrates, fatty acids and phospholipids 

(102). It is therefore important to have reliable and standard purification methods in place 

when using natural polymers as hydrogels, in order to minimise the effect impurities can 

have when studying in vivo performances. 

Furthermore, hydrogels that are formed from natural materials almost resembles the 

extracellular matrices that are found in a number of human tissues (99). Once formed, the 

hydrogels exhibit a number of various transport properties depending on: the structure, 

chemical composition and the degree at which these hydrogels have been crosslinked. This 

is a vital feature as it determines the ability of the encapsulated cells to obtain nutrients and 

remove wastes within a 3D network, in turn enhancing cell survival and reducing cell 

death. Furthermore, the hydrogel matrices act as barriers towards incoming and outgoing 
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molecules. The molecules that can diffuse through the matrices of these hydrogels have 

upper size limits. Therefore, when designing a hydrogel system of cell encapsulation, it is 

vital that oxygen, signalling molecules, nutrients and wastes are able to diffuse through the 

extracellular membranes, since cell survival and growth depends in the permeability of 

these components and the removal of waste bi-products. This leads to the generation of 

different gradient concentrations, such that the cells that are further away from matrix 

borders will obtain fewer nutrients. Hence, low mass transfer rates of nutrients may be 

sufficient enough for cells to survive at the border of the matrices but not sufficient enough 

for cells that are encapsulated within the core of these hydrogels to survive. Thus 

suggesting that hydrogels such as microbeads with high surface area to volume ratios 

provide a suitable environment of cell survival (103). The upper size limits of these 

microbeads are usually 400 µm in diameter (104). In general microbeads provide a more 

subtle environment for cell survival as the exchange rate of substances, such as nutrients 

and oxygen between cells and the surrounding environments is higher than that of other 

standard size beads, which are roughly around 500-1000 µm in diameter (105). 

Furthermore, the size of the microbeads has a significant effect on their mechanical 

properties. The smaller the microbeads, the less prone they are to breakages (106). A study 

carried out on cells that were encapsulated in significantly small beads led to inadequate 

encapsulation, as the cells protruded from the microbeads (107). However, there is 

significant evidence that microbeads are generally more biocompatible than larger beads 

(108,109).    
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 Hydrogels from natural polymers 1.5.7

1.5.7.1 Collagen and Gelatin 

The most extensively used tissue-derived polymer is collagen. This natural polymer is the 

main component that makes up extracellular matrices in mammalian tissues, such as skin, 

bones and ligaments (110).  The subunits of collagen are usually synthesised from free 

amino acids, which are found in fibroblasts and osteoblasts (111). In nature the most 

abundant type of collagen is collagen type I. The extraction of Collagen type I is carried 

out by enzymatic and acid treatments (112).  

Collagen proteins contain a triple helix structure; with every third amino acid within this 

structure being glycine. Glycine is relatively small in size, and therefore the centre of the 

triple helix structure is occupied by these small amino acids, allowing the three chains to 

be packed together tightly. Hence, the triple helix sequences of collagen consist of 

sequences of Gly-Xaa-Yaa residues, where, Xaa and Yaa are any other amino acid 

residues. Furthermore, 30% of the remaining amino acid residues within the triple helix 

structure are proline and hydroxyproline. The side chains of these amino acids as opposed 

to glycine point outwards within the triple helix structure (113).  

Collagen hydrogels exhibit poor mechanical properties (114), such as the ease of 

deformation and degradation, which limits its use in many cell encapsulation studies. Many 

attempts have been carried out to improve the mechanical properties of these hydrogels for 

example by cross-linking collagen chemically with glutaraldehyde (27)  or 

diphenylphosphoryl azide (28). Collagen meets numerous design requirements for a 

number applications other than cell encapsulation studies such as forming tissue culture 

scaffolds (22) and the reconstruction of vital organs, including: liver (29), and small 

intestine (30). Collagen gels have also been used as tissue culture scaffolds (22). One the 

most fundamental elements to the successful use of this natural polymer for such 



39 
 

applications are due to its rapid biodegradability in mammals, which can be controlled via 

enzymatic treatments or chemical cross-linking. Enzymatic treatment can be applied to 

collagen since it is made up of amino acid sequences that are recognised by cells and can 

be broken down by an enzyme called collagenase (115). However, some approaches to 

improve collagen hydrogels still exhibit limited physical strength, are possibly 

immunogenic and can be costly (116). Another complication that can arise is the difference 

of each collagen batch produced from one another. Despite, the drawbacks associated with 

the use of collagen, the triple helix can be broken down into single stranded molecules, 

producing gelatin (22,117).  

Gelatin is divided into two categories: gelatin A and gelatin B. When collagen is subjected 

to acidic treatment, followed by thermal denaturation, gelatin A is formed. Gelatin B, on 

the other hand, is formed when collagen is treated with an alkaline (22). Gelatin is a 

thermoresponsive polymer (temperature responsive) polymer (99), since the physical 

properties of these polymers change with a change in temperature (118). In a water based 

solution, gelatin undergoes a reversible transition from solution to gel when the 

temperature is cooled to 35oC. The gelation process of gelatin polymers can be reversed by 

heating up the gelatin gel to physiological temperatures. This physical property has been 

the basis an attempt to fabricate hydrogels with a gelatin core that can liquefies once the 

hydrogels are heated up to physiological temperature (119). In addition to this gelatin 

beads has been used to fabricate porous cell-laden hydrogels, where these beads act as 

porogen (120). Cell-laden hydrogels are three dimension gel scaffolds that have been 

fabricated to encapsulate cells within native tissue-like-structures (121). Furthermore, 

gelatin has been chemically modified with methacrylate groups for example so that gelatin 

gels are not liquefied at physiological temperature (117,122,123). The biocompatibility of 

these hydrogels in addition to the ability to control their stability makes modified gelatin 
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hydrogels a suitable candidate for many cell encapsulation applications encapsulate cells 

(31,99).  

 

1.5.7.2 Hyaluronate 

Hyaluronic acid is a glycosaminoglycan that is found in extracellular matrices of all living 

organisms, in the majority of connective tissues in addition to being produced by bacteria 

(124). This glycosaminoglycan polymer is synthesised by membrane bound hyaluronan 

synthase, which also allows them to be differentiated from that synthesised in the Golgi 

apparatus. The process of obtaining hyaluronic acid from its native source is typically 

achieved either by extraction or enzymatic digestion. Furthermore, since the sources and 

extraction protocols of Hyaluronic acid vary, different behaviours in vivo and in vitro 

experiments are observed (125,126). The structure of hyaluronic acid is conserved in all 

living organisms, which is a linear anionic polysaccharide consisting of 1,3-β-D-glucuronic 

acid and 1,4-β-N-acetyl-D-glucosamine (126). This polymer is hydrophilic and highly 

viscous solutions can be formed at low concentrations (127). Hyaluronic acid has shown to 

have many potential uses in tissue engineering, for instance in artificial skin (128) wound 

healing (22), in addition to this it is commonly used as a lubricant (129). In solution, 

hyaluronic acid molecules are stiffened due a number of factors including: the chemical 

structure, the internal hydrogen bond in addition to the interactions that occurs with the 

solvent (130).  

In order to form hydrogels from Hyaluronic acid, the polymers need to be subjected to 

chemical modifications. This procedure can be carried out by modifying the carboxyl or 

the hydroxyl groups of these polymers by esterification and crosslinking with 

glutaraldehyde for example (131). Hyaluronic acid polymers have been used to encapsulate 
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cells once treated with methacrylic anhydride, producing methacrylated hyaluronic acid, 

which is a photo-cross-linkable polymer (132).  

A study carried out by Seidlits et al. showed that the mechanical properties of 

methacrylated hyaluronic acid can be modified to almost resemble the natural central 

neural tissues (132). As anticipated, the compressive modulus depends on the initial degree 

of methacrylation (DM), which ranged from 3 to 10 kPa for 1% w/v hyaluronic acid and a 

molecular weight of 1500 kDa. Moreover, the diffusion of small molecules was noted to be 

inversely proportional to the DM. Another study that was carried out by Bencherif et al. 

reported that the shear modulus of hyaluronic acid hydrogels increased with an increase in 

DM. However, this observation was less pronounced when highly methacrylated 

hyaluronic acid hydrogels were investigated (133). In this study the hyaluronic acid 

hydrogels with a DM of 14%, 30% and 90% had shear modules of 15, 30 and 90 kPa 

respectively. Furthermore, it was reported that no significant change in cell attachments 

and proliferation was observed when cells were encapsulated in hyaluronic acid hydrogels 

with different DM.  

Cell adhesion is not favoured in hyaluronic acid hydrogels but these hydrogels can be 

modified for such purposes (134). Hyaluronic acid hydrogels are typically used to 

encapsulate hyaluronic acid itself or glycosaminoglycans rich cell lines (135,136). 

Hyaluronic acid is rapidly degraded in living organisms by hyaluronidase, β-glucuronidase 

and β-N-acetyl-glucosaminidase (124). 

1.5.7.3 Fibrin 

Fibrin has a vital function in natural wound healing and is the key component for clotting 

blood. Fibrin is formed due the polymerisation of protein (fibrinogen). The fibrinogen in 

the presence of thrombin at room temperatures forms fibrin gels (32,137). Fibrinogen is a 
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glycoprotein of 340 kDa and is soluble in water. This glycoprotein is made up from two 

strands of three polypeptide chains linked by disulphide bonds. Fibrinogen is primarily 

produced in the liver, is present in human blood and its concentration is known to increase 

post-trauma (99). Isolating fibrinogen from the plasma can be carried out via precipitation, 

followed by a series of freeze/thaw cycles or alternatively by using chemicals that 

decreases the solubility of these proteins (138). Fibrin monomers are formed as a result of 

thrombin catalysing the cleavage of fibrinopeptides (139). This cleavage takes place at the 

central N-terminal of the fibrinogen, resulting in the exposure of A and B knob binding 

sites (140). Insoluble fibrin fibres are produced as a result of these knobs interacting with 

the A and B holes, which are located at the terminal of the fibrinogen molecule. These 

fibrin fibres form a three-dimensional network, which can be stabilised in the presence of 

calcium, which causes transglutaminase factor XIIIa to crosslink. This factor is obtained 

from the cleavage of factor XIIIa, which is mediated by thrombin. Factor XIIIa is an 

enzyme, which promotes stem cell adhesion and proliferation (141). The concentrations of 

the fibrinogen and thrombin have an effect on gel formation and the mechanical properties 

of the gels (142). Reducing the concertation of thrombin, results in the formation of more 

compact gels that have thicker fibres and improved mechanical properties. This feature 

becomes crucial when using fibrin as a matrix to encapsulate cells, since the concentration 

of thrombin and fibrinogen have significant effects on the rate of cell proliferation and 

their differentiation (99). Findings from a study carried out by Catelas et al.(143) showed 

that reducing the concentration of fibrinogen to 5 mg ml-1 can support cell growth. On the 

other hand increasing the concentration to 50 mg ml-1 resulted cell differentiation.       

Fibrin can degrade quite fast in mammals due to the presence of fibrinolysis, which are 

proteolytic enzymes. As a matter of fact, fibrin degrades slowly during wound healing and 
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is replace by mature extracellular. The degradation kinetics of fibrin can be controlled by a 

proteinase inhibitor for example Aprotinin (144,145).  

Fibrin hydrogels can be made up from a person’s own blood, and can be used as a scaffold 

for tissue engineering (32). Fibrin hydrogels can be produced in situ by injecting a cell 

suspension in fibrinogen and thrombin. This approach has generated interests in many 

tissue engineering applications such as regenerating many cells including skeletal (144) 

and smooth muscle cells (146). 

1.5.7.4 Agarose 

Agarose is a polysaccharide that is isolated from the cell walls of Rhodophyceae (red 

algae) (147). Agarose is extracted from these plants after a succession of purification and 

homogenization steps are carried out (148). Agarose is made up from alternating units of β-

D-galactopyranose and 3,6-anhydro-α-L-galactopyranose. The chemical composition of 

agarose obtained from varying sources may differ, such as a variable substitution of the 

hydroxyl groups with sulphates. Agarose polymers are responsive; they undergo a 

solution- gel transition in aqueous solution once cooled. However, when agarose is placed 

in a solution and the temperature increases above the of the solution-gel temperature, a 

random-coil confirmation is observed, which once cooled   changes into double helix 

structures. The temperature at which agarose gels are formed depends on a number of 

factors including: the concentration of the solution containing agarose, the average 

molecular weight of these polymers and their structure. Therefore, agarose is known to 

have different physical characteristics such as: different gel strengths and solution-gel 

transition temperatures. Some of the polymers can be used to encapsulate cells, since the 

solution-gel transition is around the physiological temperature. The solution-gel transition 

temperature of agarose like a number of other polymers is reversible; however, there is a 

large difference in temperature between the gelation and liquefied states of these polymers 
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(149). As a consequence the average size of agarose hydrogel pores and the mass transport 

properties are governed by two main factors: the concentration of agarose in solution in 

addition to the settling temperature (150). A study carried out by Narayanan et al. showed 

that the pore size for a Bio-Rad certified low-melt agarose at a concentration of 1% w/v 

was 600 nm. However, this value decreased to 100 nm and less when the concentration of 

the agarose increased to 3% w/v (151). Agarose hydrogels are produced with smaller pores 

and higher elastic modulus when the settling temperature is reduced. This observation has 

been reported in another study that was carried out by Aymard et al. where they showed a 

reduction in the elastic modulus for I-A agarose, which was purchased from Sigma and a 

had gelling temperature of 36oC, from 78 kPa for agarose samples that are cured at 5oC to 

53 kPa for samples cured at 35oC (152).  

Interactions between adherent cells and the entrapped matrix do not occur because the cells 

have no receptors for the polymer (153). However, this problem can be tackled by 

supplementing the agarose hydrogels with extracellular adhesion molecules, for example 

fibronectin (154) or soluble RGD peptides (155). Agarose degradation is only achieved by 

specific bacteria, and hence it is not biodegradable in mammals. These hydrogels can be 

degraded in vitro by agarases. These enzymes are divided into three main categories 

depending on their cleavage pattern, including: α-agarase, β-agarase and β-porphyranase 

(156-158).   

Agarose hydrogels have been used in many applications such as cartilage rapair in vitro 

(159), and in cell encapsulation studies once physiological conditions met (160). However, 

despite the improvements made to these hydrogels, their use is limited for 

microencapsulation purposes because they temperature regulated and due to their 

biodegradability, which in turn inhibits repair processes in vivo (161). 
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1.5.7.5 Chitosan 

Chitosan is a polysaccharide extracted from naturally occurring polymers called chitin. 

Chitin is produced as a structure component of the exoskeleton of many natural species 

(162). This natural polymer is made up from N-acetyl-D-glucosamine chains that form 

semi-crystalline structures. The chemical structure of chitin is similar to that of cellulose, 

which is another structural polysaccharide; the difference being the substitution of a 

hydroxyl position at C-2 with an acetyl amide group (163). The most common sources of 

chitin that is available commercially are crab and shrimp shells. Chitin is extracted from 

these shells by dissolving the minerals with an acid treatment, which is followed by a 

purification step to remove proteins from the surrounding tissues by an alkaline treatment 

(164,165). Furthermore, some of the acetyl groups that are bound to the amine can be 

removed as a result of alkaline treatment (166). When 50% deacetylation or more is 

achieved, the polymer is then referred to as chitosan.  Chitosan is soluble in acid solutions, 

as a result of the protonation of a primary amine (162). Chitosan has been used in a layer 

by layer sequential technique, allowing the production of multi-layered thin films, which 

are made up from opposite charged polymers (167,168). Polyelectrolyte complexes can be 

rapidly formed using chitosan and other poly-anions such as alginate (169). For example, a 

number of studies have reported the use of chitosan/alginate multi-layers to coat alginate 

gel beads containing cells, which results in the production of capsules liquefied core 

(170,171). The physical, mechanical and biological properties of chitosan polymers are 

related to the degree of deacetylation (99), which has been shown in a number of studies 

(172-174). A study carried out by Tomihata & Ikada showed that as the degree of 

deacetylation increases the rate of degradation decreases (172). The rate of degradation of 

chitosan was shown to be very low when chitosan was completely deacetylated. These 

observations were confirmed in another study carried out by Freier and colleagues, where 

the rate of degradation of chitosan was prolonged when this natural polymer was 
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completely deacetylated (173). This study investigated the compatibility of chitosan and N-

acetylated chitosan with neural cells. The findings from these investigations showed that 

chitosan based films were indeed compatible with neural cells, as good adhesion and 

proliferation were achieved. Furthermore, another study carried out by Chatelet et al. 

reported that the degree of deacetylation on the in vitro compatibility of chitosan had no 

significant effect on to cell lines (keratinocytes and fibroblasts). Despite these 

observations, cell adhesion and proliferation of both these cell lines were influenced by the 

degree of chitosan deacetylation (174). However, the fibroblasts adhered to chitosan twice 

as much as keratinocytes. Moreover, the fibroblasts did not proliferate irrespective to the 

numbers of acetyl groups. Chatelet et al. suggested that this observation was probably due 

to a change in the growth rates of fibroblasts as a result of their high affinity for chitosan 

based materials. 

Chitosan gel precipitates are formed when a chitosan acidic solution is alkalinised up to the 

physiological pH. Once the protonated amine within the chains is neutralised, hydrogen 

bonding and hydrophilic interactions lead to the formation of a three-dimensional network 

(175). The addition of phosphate salts within a chitosan solution causes chitosan to become 

soluble and thermoresponsive at physiological pH, and as a result chitosan gels are formed 

at physiological temperature (176,177). The solubility of chitosan at neutral pH can be 

chemically modified without influencing the biocompatibility and biodegradability of these 

natural polymers. These chemical modifications usually involve covalent binding, which is 

carried out polymerising the free amino acid or hydroxyl groups (178,179).  

1.5.7.6 Alginate 

Alginate is one of the most common biomaterials used for drug delivery and tissue 

engineering due to many factors including its biocompatibility, low toxicity, low cost and 

its ability to form gels easily in the presence of divalent cations, like Ca2+ and Mg2+. 
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Commercially available alginates are mostly extracted from three different types of brown 

algae called Laminaria hyperborean, ascophyllum nodosum, and macrocystis pyrifera (48). 

In nature, alginate exists in the form of blended salts containing many cations that are 

found in seawater such as Mg2+ and Na+ (35). Alginate has been used in many applications 

such as injectable cell delivery, dressing up wounds, dental impressions (37,180)  and in 

treating diabetes (181).  

However, despite the advantages offered by alginate gels, alginate in its native form may 

not be the best choice of material, as it’s known to degrade due to divalent ions being lost 

into surrounding mediums. This degradation process is usually unpredictable and cannot be 

controlled, and hence many approaches involved alginate being covalently crossed-linked 

with a variety of molecules in order for the swelling and mechanical properties of alginate 

gels to be controlled (39). Another disadvantage of using alginate is that its molecular 

weight is higher than the kidney’s clearance threshold (40). However, over the years much 

effort has been employed to improve the use of alginate beads for biological and medical 

applications (1,6,26,41,109,182-186).  

Alginates are made up from a linear block of consecutive α-l-guluronic and β-d-

mannuronic acid residues. The sequences and structure of alginate varies from an alginate 

molecule to another, depending on the composition of α and β block regions that they 

consist of (Figure 1.1). Alginate extracted from L. hyperborean has a high number of G-

blocks, alginate extracted from A. nodosum has a low amount of G- blocks and alginate 

extracted from M. pyrifera has an even lower amount of G-blocks than that found in A. 

nodosum. Therefore, the physical properties of alginates depend on the composition and 

length of the sequences. (35,42,43).  

Another attractive feature for using sodium alginate is the ability to control the degradation 

process, which can be carried out by isolating the 6000 Da G-blocks from the alginate. 
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This process is then followed by oxidizing and covalently cross-linking the derivatives 

with adipic acid dihydrazide. Therefore, the gelation and degradation processes of alginate 

polymers can be controlled and is subject to the cross-linking density (22).  

The sodium alginate used to produce the calcium alginate gel beads in the experimental 

work carried out in this Thesis, was purchased from Sigma Aldrich and contained 

approximately 61% M blocks and 30% G blocks.  

 

Figure 1.1: The possible configurations of the chemical structure of alginate adapted from [51, 58] 
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 Microbeads 1.5.8

The production of microbeads otherwise known as droplets (187,188), hydrogels 

(6,189,190) or microspheres (1) for biological (17,191) and medical applications (17) is an 

emerging field. This is due to the many advantages that microbeads have to offer such as 

the ability to perform analysis on the single cell level and fast diffusion/ media change 

without any cell to cell contact. Further advantages include the reduced amount of samples 

and formulations needed to produce microbeads. Microbeads can be formed in channels, 

between two plates or on an open surface chip. The work carried out in this Thesis 

involved producing microbeads in channels. Throughout this Thesis the term microdroplets 

is used before the gelation process is initiated, the term microbeads is used once the 

gelation process occurs and the term microparticles is used to describe or refer to either the 

microdroplets or microbeads depending on the context.  

 Preparation of spherical microbeads 1.5.9

1.5.9.1 General considerations:  

The main function of a hydrogel in the field of cell biology is to provide a three 

dimensional network environment for cells. A number of important criteria should, 

therefore be taken into consideration when designing a device for cell encapsulation, 

including: 

 The solvents and materials used should not be harsh to avoid cell damage.    

 The gelation process of the gel beads must be mild to avoid cell damage. 

 The structure of the gel beads should be compatible with cell division. 

 The by-products of degraded gel beads should not have a significant effect on the 

encapsulated cells (21). 

 The gel bead should be permeable to nutrients and allow the release of waste. 
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A number of cell encapsulating devices have been reported in literature and can be divided 

into two main classes: macrodevices and microdevices (192). 

 

The use of microbeads in cell encapsulation studies is on the rise since they provide similar 

conditions to that of cells in tissues and organs. Moreover, in comparison to other scaffold 

geometries such as microfibers (192), microbeads provide an optimum surface area for 

nutrients and oxygen to diffuse, which has a positive impact on the percentage cell 

viability (193).  

1.5.9.2 Dimensional, morphological and permeability properties  

The dimensional, morphological and permeability properties of microparticles are vital for 

cell biology applications. These properties influence a number of aspects such as the 

biocompatibility and diffusion properties (104,194). The ability to mediate the 

transportation of molecules in and out of microparticles also determines their success for 

cell encapsulation purposes. Extensive research has been carried out to control the 

diffusion and porosity properties of microparticles in attempts to prevent immunogenic 

molecules from entering these particles. For example alginate gel microbeads that are 

cross-linked with calcium ions usually have pore sizes ranging from 5 to 20 nm. This 

property prevents only relatively large molecules from entering the microbeads. However, 

it has been reported in the literature that the porosity of these microbeads can be controlled 

when layers of polyelectrolyte is formed on the surfaces of alginate hydrogels (104). 

 

The shape of the microparticles used to encapsulate cells is another important property that 

needs to be taken into consideration, since the shape of these microparticles effect in vivo 

performances. The irregular morphology of microbeads can be due to coalescence, which 

is the phenomenon used to describe fused or partially fused microparticles (186). 
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Furthermore, defects in the microparticles due to cracks for example in combination with 

irregular surfaces can be the underlying cause of unwanted immune responses (104).      

1.5.9.3 Microbead characteristics   

Microbeads can be used in many cell biology and medical applications for a number of 

reasons including: the wide range of sizes at which microbeads can be produced, their 

relatively low masses and well defined shapes. Therefore, many biomolecules such as cells 

can be encapsulated in microbeads, which is advantageous as reagents are expensive, 

samples are often scarce and that single cell studies can be performed, since single cells or 

small groups of cells can be placed in defined positions to each other (195).  

1.5.9.4 Microbead shapes and dispersity   

Microbeads of various sizes ranging between 1 pL to hundreds of nanoliters have been 

reported in literature for use in biochemical assays (187,188). Smaller microbeads however 

can be produced but their use is limited for cell encapsulation applications, particularly if 

the size of the cells is greater than that of the microbeads. Moreover, challenges arise when 

smaller microbeads are imaged using standard optical methods such as light microscopes, 

because they have reached their resolution limits. The size of microbeads can be 

controlled, depending on the geometry of the microfluidic chip used to produce the 

microbeads and fluid flow rates applied through the microfluidic setup (187,188). The 

sizes of cells vary, for example Jurkat, HL60 and Neutrophil cells have diameters roughly 

around 11.5 12.4 and 8.3 µm respectively (196).    

 Gelling mechanism 1.5.10

Cell encapsulation is commonly initiated in a water-based solution containing a hydrogel 

precursor (referred to as the solution flowing phase). The resultant suspension is then 

subjected to physical, chemical or biochemical processes in order to initiate the gelation 

process. Each step within the cell encapsulation process should allow cells to survive and 
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cause minimal stress. Hence the conditions within the hydrogel should mimic the 

physiological conditions as much as possible (99). However, in some cases these 

requirements are not feasible, for example photo-cross-linkable polymers. In such cases, it 

is therefore vital to pay particular attention not only to the toxicity involved in the gelation 

process, but also to the exposure time (197). 

A number of thermoresponsive gels have been used to produce beads. Some of these 

polymers such as elastin and collagen form gels when they are heated above the transition 

temperature. These polymers present a lower critical solution temperature (LCST). 

Decreasing the temperature below the LCST causes the polymers to become miscible with 

water. In contrast, other polymers such as gelatine and agarose form gels when cooled. 

These polymers present an upper critical solution temperature (UCST). Increasing the 

temperature above the UCST causes the polymers to become miscible with water. 

However, if the temperature drops below the UCST, the polymers’ hydrophobicity 

increases and becomes insoluble in water, which leads to the formation of gels (198,199). 

Furthermore, dissolving polymers in water can lead to three possible interactions (200): 

polymer-polymer, polymer-water and water-water. The polymer-water interaction is 

unfavourable when undergoing a change in temperature. This causes random coils to 

change into helices in order to reduce the macromolecules’ exposure to water. Gel 

transition temperatures of the thermoresponsive polymers used to encapsulate cells should 

be around 32oC since this is close to body temperature (201).  

Polymers such as alginate and hyaluronic acid form gels when an electrically charged 

species is present. Such polymers have a net charge on their backbone and are often 

referred to as polyelectrolytes. The combination of polyelectrolyte polymers and 

multivalent cations with opposing charges results in the formation of complexes that are 

insoluble in water (202). 
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Hydrogels that are cross-linked ionically or thermally are formed as a result of ionic or 

secondary forces. These hydrogels are easily dissolved under suitable conditions, such as 

allowing ionically cross-linked hydrogels to be in contact with chelating agents in order to 

remove the ions that are cross-linked, or by reversing the temperature of thermally cross-

linked hydrogels.  

1.5.10.1 Internal and external gelation of alginate microdroplets 

After the alginate microdroplets are formed using a microfluidic chip, the micro-droplets 

undergo a gelation process to form alginate gel microbeads. This process usually involves 

cross-links between the alginate polymer chains with a divalent cation. The affinities of 

alginate towards the divalent ion vary in the descending order of 

Pb > Cu > Cd> Ba > Sr > Ca > Co, Ni, Zn > Mn (203). Despite this calcium Ca2+ is mainly 

used in the gelation process of alginate gel microbeads, due its non-toxicity in contrast to 

the other cations.  

 

Numerous calcium salts can be used in the gelation process of alginate gel microbeads. 

These salts can be divided into the three categories: readily soluble, partially soluble and 

insoluble.  

A common readily soluble calcium salt used in this gelation process is calcium chloride 

(CaCl2). CaCl2 allows for instantaneous cross-links to occur between the released Ca2+ ions 

in the solution with the alginate gel micro-droplets, resulting in the formation of alginate 

gel microbeads. Therefore, these salts are used to externally gelify the alginate gel micro-

droplets.  
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On the other hand, partially soluble calcium salts such as calcium sulphate (CaSO4) can be 

used when the slow release of Ca2+ is required, however, the ability to control this gelation 

process can be quite challenging (204).  

 

Furthermore insoluble calcium salts such as calcium carbonate (CaCO3) are useful in 

situations when gradual or controlled crosslinking alginate and Ca2+ ions is required. 

Hence, these salts are typically used when internal gelation of alginate gel microbeads is 

required. This is achieved by dispersing the calcium salt into the alginate solution prior to 

emulsification. Once, emulsification takes place, the gelation process of the alginate gel 

microbeads can be initiated by solubilising the Ca2+ salt, thus releasing Ca2+ cation which 

can then be crosslinked with the alginate polymer chains. These crosslinks can be initiated 

by using a gelling initiator for example an acid or UV radiation, thus causing a reduction in 

pH. In general, an acid such as glacial acetic acid is added to the emulsion in order to 

reduce the pH (100). A number of research studies have also shown that gradual gelation 

of alginate gel beads can be achieved by adding glucono delta-lactone to the alginate 

solution containing an insoluble calcium salt, which then leads to the slow dissociation of 

the salt (11,205). 

 

Furthermore, a photo-acid generator was used in a recent study in order to initiate the 

gelation process of alginate gel microbeads (206). Upon UV irradiation, this gelling 

initiator initiated the dissociation of hydrogen ions (H+). The use a photo-acid generator 

allows for in situ gelation of the alginate microdroplets to occur without the need to 

migrate within acidified oil, which may eventually lead to the deformation of the alginate 

gel microbeads in cases where the optimum conditions are not met.  
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1.5.10.1.1 External gelation 

Traditionally alginate gel beads have been gelfied using external gelation methods. This 

usually involves the introduction of Ca2+ ions into alginate droplets in an external Ca2+ 

bath. This causes the diffusion of Ca2+ ions inwards into the spaces that are created 

between the alginate polymer chains, which lead to the formation of cross-linkages. In the 

case where cells are encapsulated in an alginate gel beads, the alginate solution containing 

cells is dropped into a Ca2+ ion bath as shown in Figure 1.2. Once the alginate polymer 

chains come in contact with Ca2+ ions, cross-linkages at the alginate droplet peripheries 

begin to form, resulting in the formation of semi solid membranes with liquid cores (207). 

Extending the incubation time of droplets in a Ca2+ ion bath enables the diffusion of more 

Ca2+ ions across the membranes due to the change in concentration gradient and in turn 

causing the cores of the alginate gel beads to gelate. As a result the cells are encapsulated 

randomly within the calcium alginate gel beads (208).  

The cross-links are initiated at the alginate droplet peripheries, because the alginate 

polymer chains are attracted towards the peripheries (209). The cores of the droplets 

become diluted while crosslinking takes place. Once crosslinking is complete, the calcium 

alginate networks are concentrated at the periphery of the alginate gel beads, causing 

inhomogeneity within these gels (210). However, the use of these inhomogeneous alginate 

gel beads for cell applications is limited. This is because necessary solutes such as oxygen 

and nutrient cannot be exchanged effectively between the core of the alginate beads and 

the outer environment, due to an increase in the diffusion barrier (211). Furthermore, it is 

difficult for toxic waste to secrete out of the alginate beads, which eventually leads to cell 

death. A number of approaches have been conducted to overcome these drawbacks. Some 

of these approaches include:  
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 Decreasing the size of the alginate gel beads in order to reduce the diffusion 

pathway (212),  

 Decreasing the concentration of the divalent cations (for example Na+) used in the 

gelation process to allow for competitive binding of Na+ ions to Ca2+ ions to occur 

(209). 

 Adopting an internal gelation method, which allows the formation of homogenous 

hydrogel matrices as discussed in the following section.    
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Figure 1.2: Mechanism of an external gelation approach used to encapsulate cells in calcium alginate gel 
microbeads: (a) sodium alginate microdroplets in contact with a solution containing calcium, (b) calcium ions 
diffuse into the sodium alginate droplet, (c) inward gelation of alginate droplets and (d) completed gelation of 
calcium alginate microbeads. 
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1.5.10.1.2 Internal gelation 

The late 1980s was the start of an era where attempts to reduce the size of alginate gel 

beads and increasing their throughput for industrial took place. Initially, a method 

involving emulsification was investigated by dispersing an alginate solution into micro-

droplets that were then subjected to external gelification, which involved the use of an 

emulsion containing a calcium solution. This attempt resulted in the mass production of 

alginate gel beads. However, these beads coagulated into large gel masses, since it was 

challenging to control the gelation conditions (100). This gelation process was then 

adapted to control the release of free Ca2+ ions (213). This approach involved the use of an 

alginate solution containing insoluble calcium carbonate particles, which was mixed 

together into an oil phase as shown in Figure 1.3. This was followed by the addition of 

acetic acid to reduce the pH, which led to the dissolution of this calcium carbonate into 

Ca2+, carbon dioxide and water. Consequently, the free Ca2+ ions are crosslinked internally 

with alginate polymer chains, as shown in the chemical equation below: 

Acetic acid + calcium carbonate  calcium acetate + carbon dioxide + water 

� ������� + ����� → �� (������ )� + �� � + ���     Equation 1.6  

The term internal gelation was used to describe this gelation process because the 

crosslinking and gelation process were initiated within the alginate droplets (214). 

Insoluble salts are predominantly pH dependant (215). The ability to control the gelation 

process has enabled the production of alginate gel microbeads with varying sizes ranging 

from 20-1000 µm (183,215,216). 
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Figure 1.3: Mechanism of an internal gelation approach used to encapsulate cells in calcium alginate gel 
microbeads: (a) sodium alginate micro-droplets are dispersed in oil, (b) An acid is added to dissolve the insoluble 
calcium salt and (c) localised gelation of calcium alginate microbeads. 

      

1.5.10.2 Throughput 

Choosing the appropriate size to produce microbeads for cell encapsulation purposes is a 

major contributor to low throughput. Hence the size at which the microbeads are produced 

should be thought of carefully to ensure that:  

 Cells are encapsulated simultaneously in monodisperse microbeads. 

 There is sufficient space for cells to grow. 

 Enough nutrients can reach the cells and whatever the cells produce can also 

diffuse away easily (193). 
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 Numerus approaches to encapsulate cells in alginate microbeads 1.5.11

1.5.11.1 Introduction  

The production of microparticles can be carried out using a number of different processing 

methods, such as emulsification, spray drying and electrostatic droplet generation 

techniques (217,218). The choice of preparation method used to produce microparticles 

has a significant effect on the physical and chemical properties, including the size, porosity 

and morphology of the microparticles (193). However, there are three main steps that need 

to be employed regardless of the choice of method employed to produce the microparticles, 

including: 

- The first step involves the preparation of a suspension containing viable cells and 

alginate. The concentration of alginate is usually between 1 to 3 % w/v.  

- The second step entails the generation of alginate micro-droplets preferably in a 

controlled manner, in order to produce monodisperse droplets. 

- The third step involves a gelation process under mild conditions to produce alginate 

gel microbeads (193). 

The basic principle of a number of droplet preparation methods involves forcing a liquid 

through a nozzle to produce individual droplets. For examples, the alginate/cell solution 

can generate a laminar jet that is fragmented into minute droplets either by gravity or other 

means such as syringe pumps (182,219,220).  

The diameters of the micro-droplets can be adjusted by changing a number of experimental 

parameters, for instance the diameter of the nozzle and the flow rate at which the alginate 

is pumped through the setup. Nevertheless, the fabrication methods described above lack 

reproducibility and usually results in the production of large numbers of polydisperse 

microparticles (193). However, due to an increasing demand to produce homogenous and 

monodisperse microparticles, new microfluidic techniques emerged (218). This relatively 
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new emerging field handles fluids in micro/ nano environments, and has been applied in a 

number of fields such as cell biology, drug screening and biochemical assays 

(45,79,121,221,222). The use of microfluidic chips can solve a number of challenges that 

are associated with the use of conversional methods, which are used to produce 

microparticles, such as the shape and size (223). 

Advances in microparticle preparation methods combined with the ability to control the 

microencapsulation processes, provide promising means for cell encapsulation 

applications. In addition, microfluidic chips can provide a sterile environment without the 

need of excessive sterilisation processes (193).   

Microfluidic experiments usually entail the production of micro-droplets in a non- miscible 

phase, which is followed by a gelation process. The gelation procedures vary depending on 

the polymer, for example ionic crosslinking, thermal gelation and UV radiation (224-227). 

The optimal microfluidic setup should enable the production of regular streams of micro-

droplets with uniform volumes and rates (228). Microfluidic chips have been designed 

with different channel geometries for example T-junctions, cross junctions and 

microcapillary coaxial devices (229-231). Microfluidic chips designed with these three 

geometries have a common mechanism, which involves dispersing the samples into 

microchannel that consists of an immiscible carrier that is dispersed through another inlet 

within the microfluidic chip. The fluids then meet at a junction that has been designed to 

generate reproducible micro-droplets. Moreover, the geometry of the microfluidic chips, 

flow rates and physical properties (e.g. interfacial tension) of the fluids dispersed through 

the channels, causes droplets to pinch off (232). Furthermore, the flow rate ratio of fluids 

that are pumped through the microchannels, control the size of microparticles, meaning 

that microparticles of almost any size can be produced. In addition, microparticles with 
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various shapes can be produced depending on the geometry of the microchannels 

(233,234).  

The following section provides a critical review on the different approaches reported to 

encapsulate cells in alginate gel microbeads. This review was divided based on the 

different types of geometries used to produce the alginate gel microbeads, followed by a 

number of examples on other natural materials used to produce microbeads containing 

cells. 

1.5.11.2 T-junction microfluidic chips 

T-junction microfluidic chips are simple design that are widely spread for many the 

production of microparticles. In T-junction chips, the dispersed phase becomes in contact 

with the continuous phase at the T-shaped junction, which is located at a 90o angle. As the 

microdroplets that are formed in the dispersed phase grow, they hinder the microfluidic 

channel, causing a restriction to the flow of the continuous phase. This hindrance leads to a 

relatively large increase in pressure, resulting in the formation of microdroplets (235). Due 

to its simplicity, T-junctions have been reported to be the most effective geometry for the 

formation of microdroplets in a continuous phase (236-238). Furthermore, the chance that 

coalescence of two consecutive micro-droplets occurs is minimal, and depends on the flow 

rate applied through the microchannels, since the micro-droplets tend to exit the main 

microchannel individually (193). 

Microfluidic chips that are designed with T-junction microchannels are usually fabricated 

from glass or polydimethylsiloxane (PDMS) (239), although PMMA has also been used 

(240). To fabricate a chip made from PDMS for example, both soft lithography and 

photolithography can be used so that minute customised microchannels can be embedded 

(239).  
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The use of T-junction microfluidic chips for cell encapsulation studies reported in literature 

mainly focuses on the experimental setups without providing much detailed analysis on the 

encapsulated cells. A paper published by Chang-Hyung Choi and colleagues (241), 

describes a microfluidic approach to encapsulate yeast cells in alginate gel microbeads, 

using a microfluidic chip with a T-junction and four inlets (alginate, yeast cell suspension, 

calcium chloride and hexadecane), and is shown in Figure 1.4.  

 

Figure 1.4: Schematics of the microfluidic chip fabricated by Chang-Hyung Choi et al. to encapsulate cells in 
alginate gel microbeads (239). 

The alginate microdroplets formed were then subjected to an external gelation protocol, 

resulting in the encapsulation of yeast cells in alginate microbeads with diameters ranging 

from 60 and 95 µm. The sizes of the microbeads were controlled by changing the flow 

rate, viscosity and the interfacial tension. Hexadecane was used as the immiscible phase, 

and was injected into the main microfluidic channel of the chip; the other three side inlets 

were used to inject the yeast cells (stained with green fluorescent protein (GFP)), CaCl2 

solution and alginate independently. This microfluidic approach enabled the production of 

monodisperse alginate gel microbeads both with and without and yeast cells. The paper 

showed fluorescence images of viable encapsulated yeast cells immediately after 

encapsulation (figure 1.5). However, the long term cell viability was not detailed. 
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Figure 1.5: A snapshot of the alginate gel microbeads that was produced by Chang-Hyung Choi et al. to 
encapsulate GFP-Yeast cells in alginate gel microbeads; scale bar is 50 µm (241). 

A different example from the literature that demonstrates the use of T-junction 

microfluidic chips for encapsulating Jurkat, Clone E6-1 cells in alginate gel microbeads, 

was described in a communication published by Wei-Heong Tan and colleagues (6). These 

microbeads were produced by an internal gelation mechanism and ranged between 94 - 

150 µm in size. In order for the internal gelation to occur, calcium chloride was added to 

the alginate solution, ensuring a homogenous solution was achieved, in addition to 

preventing blockages within the microchannels. The microfluidic chip used to produce the 

alginate gel microparticles was fabricated from PDMS and a T-junction was cooperated 

into the design (Figure 1.6). The alginate microdroplets become in contact with corn oil 

that contained acetic acid, which were injected into the microfluidic chip prior to this via a 

side inlet. On this contact, Ca2+ ions are released due a reduction in pH, causing the 

gelation of the alginate gel microparticles.  
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Figure 1.6: Schematic of the microfluidic chip fabricated by Wei-Heong Tan et al. to encapsulate cells in alginate 
gel microbeads (5). 

Wei-Heong Tan and colleagues described the microparticles produced by this microfluidic 

method as beads. The results obtained indicated that no single cells were encapsulated and 

that there was an inhomogeneous distribution of Jurkat cells, since a significant number of 

alginate gel microbeads were empty (Figure 1.7). Furthermore, the percentage viability of 

Jurkat cells increased from 19.3% to 74.3%, with a higher concentration of CaCO3. 

However, there were no results reported regarding the long term survival and percentage 

viability of the Jurkat cells. 

 

Figure 1.7: (a) Jurkat cells encapsulated in alginate gel microbeads produced by Wei-Heong Tan et al. (6) (b) The 

Jurkat cells with trypan blue, a live/dead staining technique to distinguish between the live and dead encapsulated 

cells. The cells stained blue are dead. 
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Capretto and colleagues were the first to publish an article that described the use of a 

microfluidic system to form alginate microparticles. The gelation process was the main 

focus of this article (242). The main aim of this study was to obtain alginate microparticles 

that had optimal characteristics in terms of their morphology and dimension, i.e. sphere in 

shape and almost monodisperse. In addition, a comparison of different gelation methods 

including: external, internal and partial gelation was carried out. The microfluidic chip that 

was used to encapsulate primary eukaryotic cells in this study was a commercially 

available chip that was designed embedded with a Y junction, which is very similar to that 

of a T-junction and is shown in Figure 1.8.  

Capretto and colleagues first attempt to produce alginate gel microbeads, involved an 

external gelation method, where alginate was used as the water phase (WP) and sunflower 

seed oil was used as the oil phase (OP). The two immiscible phases (WP and OP) were 

injected into the microchannels at the relevant flow rates. This was followed by the 

multiphase dripping into a gelling bath containing Barium chloride (BaCl2), which resulted 

in the gelation of the alginate microdroplets. The resultant alginate gel microdroplets 

produced appeared as tail-shaped microbeads and polydispersed. These observations were 

due to the slow introduction of the alginate suspension into the OP/ BaCl2 gelling bath 

interphase. Attempts to overcome these drawbacks included either the addition of an oil 

layer above the BaCl2 gelling bath or the addition of a thickener to the WP, such as 

glycerol. These attempts reduced the tails formed on the alginate gel microbeads, although 

the microbeads still had tails. 

Following on from these experiments, Capretto and colleagues produced alginate 

microdroplets by adopting an internal gelation process. This gelation process was carried 

out by the dispersion of an insoluble or partially soluble barium carbonate into the WP that 

contained the pre-prepared Na-alginate solution. The microdroplets were then gelified by 



68 
 

the adding an oil soluble acid (acetic acid 0.15% v/v) to the OP. Lowering the pH caused 

the release of barium ions (Ba2+) and the formation of Ba-alginate microparticles. 

Microphotographs of the microbeads produced using this internal gelation approach 

showed the characteristics of the microbeads were greatly influenced by the concentration 

of BaCO3. At lower concentrations of BaCO3, the alginate microbeads appeared to be 

highly dispersed, with a strong tail-shape, in addition, the microphotographs also revealed 

that coalescences occurred. In contrast, the alginate gel microbeads exposed to a higher 

concentration of BaCO3 were spherical although coalescences also occurred. The 

morphology of the microbeads was improved significantly by adding a stabiliser (span 80) 

to the OP. These alginate microbeads appeared to be almost spherical and the presence of 

coalescences reduced significantly. However, the major drawback of this approach was 

that barium is toxic.  

A new gelation method (partial gelation) was the investigated for the purpose of producing 

monodisperse sphere shaped microbeads. This approach involved increasing the viscosity 

of the WP by adding minute amounts of BaCl2 into the alginate solution, prior to injecting 

the solution into the microfluidic chip. The microphotographs obtained showed that 

alginate gel microbeads produced by this approach were spherical in shape, in addition to 

the absence of coalescence and tails. 
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Figure 1.8: The upper figer shows the microfluidic setup Capertto et al.  designed for the production of alginate 
micrdoplets using a Y-Junction squeezed based microfludici chip (242). On the other hand the lower part of this 
figure shows the the alginate microdroplets travel though the water/oil interphases, allowing the formation of 
alginate gel microparticles with tail like sturctures. The photomicrograph on the left handside shows the alginate 
gel microbeads that were produce when they underwent partial gelation. These microbeads were sphere and had a 
narrow size distribution. Scale 500 µm. 

Another paper published by the same group, confirmed that gel microbeads produced using 

the described partial gelation method can be used to encapsulate cells (243). Capretto and 

colleagues produced partial gelated microbeads by mixing two natural polymers (alginate 

and agarose). The gelation mechanisms for both these polymers differ; ionic gelation and 

thermal gelation are used for alginate and agarose respectively, resulting in the production 

of alginate/agarose hybrid microbeads. These microbeads had an excellent morphology 

and were almost monodisperse. In order to validate the use of the hybrid alginate/ agarose 

microbeads for cell encapsulation purposes, Capretto and colleagues encapsulated pig 

Sertoli cells, primary eukaryotic cells. The process of encapsulating cells can have an 

effect on the percentage cell viability and their functions. Therefore, this study investigated 

both of these aspects and confirmed that the encapsulated cells had high percentage 

viabilities over a period of 16 days. Furthermore, investigations into the effect of cell 

encapsulation on functionality demonstrated that the encapsulated cells exhibited similar 
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functionality to that of free cells. Lastly, high biocompatibility of the hybrid microbeads 

was achieved when in vivo studies were carried out in NOD mice. 

Another microfluidic study carried out by Um and colleagues saw the development of a 

microfluidic chip that consisted of a focusing zone where alginate microdroplets are 

formed by the use of oil and a double T-junction (244). The gelation process of the 

microdroplets took place when they became in touch with CaCl2 solution at the first T-

junction (Figure 1.9). Once gelified, the microbeads travel through the microfluidic chip 

and reach the second T-junction where an additional liquid is mixed with the microbeads. 

Alginic acid (polymer) and Puramatrix (peptide) were used to fabricate these microbeads. 

Microscope images of these microbeads are shown in Figure 1.10. 

 

Figure 1.9:  (a) A schematic diagram of the microfluidic chip fabricated by Um et al. for the formation of hydrogel 
microdroplets using two T-junction channels (T1 and T2) and four inlets (A1-A4), F is the hydrogel solution 
focusing region with and immiscible oil, and W1 and W2 represent the widths of the main channel and branches 
of the T channels respectively. (b) A photograph of the microfluidic chip. The microchannels were filled with dyes 
for visualisation purposes (244).The authors claimed that the alginate microbeads they produced were shaped 
either like almonds or rods, because the initiation of the gelation procedure occurs in the microchannels of the 
microfluidic chips. These peptide based microparticles were used to encapsulate a hepatocellular carcinoma cell 
line (HepG2), which was treated prior to encapsulation with CellTracker Green for fluorescence to occur. The 
fluorescence intensity of the encapsulated cells was then analysed 15 minutes after encapsulation occurred. Um 
and colleagues concluded that the microfluidic approach that they have adopted has great potential in cell-cell and 
protein-protein interaction studies, yet they provided no evidence to support these conclusions.  
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Figure 1.10: Microscopic images of the microbeads produced by Um et al. (244). (a) The Puramatrix 
microdroplets once they have passed through the first T-junction, (b) the gelation process of alginate gel 
microdroplets when they become in contact with CaCl2 solution, (c) rod-shaped microparticles confined in yellow 
solution microdroplets, (e) the process of combining the HepG2 cells with Puramatrix microdroplets and (f) 
encapsulated fluorescent HepG2 cells. 

 

Another microfluidic attempt to encapsulate cells in alginate microbeads was reported by 

Wu and Pan (245). The microfluidic chip described in their research was fabricated from 

PDMS, in which alginate microdroplets were formed by a pulsed airflow as an alternative 

to a liquid stream. In detail, this microfluidic chip (Figure 1.11) consisted of one main 

microchannel for the alginate/cell solution, in addition to a T-shaped pneumatic (air-filled) 

microchannel with two inlets (one of the pulsed airflow and the other or constant 

pneumatic pressure, which is needed to prevent the backflow of the alginate/ cell solution 

(d) 

(e) 
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towards the T-shaped pneumatic microchannels). The alginate gel microdroplets that are 

produced in the microchannels are then delivered by a microcapillary tube into a sterile 

CaCl2 solution for gelation to take place. Controlling the flow rate of the alginate/cell 

solution enables to production of size-controlled alginate gel microbeads (ranging between 

150 to 370 µm in diameter).  

 

Figure 1.11: A top view photograph of the microfluidic chip fabricated by Wu and Pan used to encapsulate cells in 
alginate gel microbeads (245). 

 

Once the microfluidic setup was optimised, this microfluidic approach was used to 

encapsulate primary chondrocytes that were isolated from the metacarpal–phalangeal joint 

of steers. The novelty in this microfluidic approach is the use of air as a squeezing stream 

for the continuous phase instead of a typical immiscible fluid (Figure 1.11).  This approach 

can possibly reduce the chances of cross contamination from occurring. However, the 

results presented in the paper showed that the number of cells embedded into the alginate 

gel microbeads was relatively low comparing to the initial cell count. Microscope images 

of the alginate microbeads are shown in Figure 1.12. The reported percentage cell viability 

of encapsulated cells in the alginate gel microbeads was roughly around 96%.  
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Figure 1.12: (a) Light microscope image of encapsulated primary chondrocytes in alginate gel microbeads using 

the microfluidic approach developed by Wu and Pan (245), (b) fluorescence microscope image of encapsulated 

primary chondrocytes cells in alginate gel microbeads and (c) fluorescence image of primary chondrocytes in cell 

suspension stained. Both the encapsulated and non-encapsulated cells were stained with live/dead dye, so that live 

cells fluoresce green and dead cells fluoresce red. 

 

Another microfluidic approach that incorporated the use of a T-junction geometry to 

encapsulate cells in alginate microparticles was reported in a communication published by 
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Jongin Hong et al. (246). This microfluidic approach was based on the coupling of 

biological electrospraying and a microfluidicplatform. Biological electrospraying is a 

technology that involves charging the liquid medium to several hundred volts, which is 

then allowed to pass through a needle so that the droplets can be fragmented. This 

technology can be used for fragmenting living cell suspensions into microdroplets of cells, 

without causing any apparent effect on cell percentage viability and function. However, 

this technology is unable to control the distribution of cells or their distances within the 

droplets. Therefore, Jongin Hong et al. developed a microfluidic setup that combined a 

biological electrospray single-nozzle with droplet based microfluidic systems, in order to 

encapsulate and compartmentalise cells in microparticles. The microfluidic setup described 

in this communication consisted of a microfluidic chip, with two inlets (oil and aqueous 

inlets) and an outlet that was connected to the single-needle biological electrospraying 

(Figure 1.13). The authors considered both T-junction and flow focusing geometries for the 

purpose of producing alginate microdroplets. The results showed that the chip embedded 

with a flow focusing geometry resulted in the encapsulation of a smaller number of cells. 

The fluid flow rates were then investigated so to that a stable jet of microdroplets 

containing cells can be obtained. Upon the formation of the microdroplets, the gelation 

process took place when the microdroplets came in contact with a calcium chloride 

solution, which was place at both electrodes.   
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Figure 1.13: Images of the alginate gel microdroplets formed using two microfluidic chips that were fabricated by Jongin 
Hong el al. (246). (A) the alginate microdroplets were formed in a microfluidic chip with an embedded T-junction and 
(B) the alginate microdroplets were formed in flow-focusing microfluidic chip. The white arrows demonstrate the flow of 

the oil phase and 100 µm respectively.      

Jongin Hong et al. reported their ability to encapsulate of one, two or multiple Jurkat cells 

in alginate gel microbeads using the described microfluidic setup, and that the number of 

cells encapsulated in these microbeads can be controlled by altering the flow ratio of the 

fluids (aqueous solution and oil). However, referring back to the microscopic images 

reported in this communication (Figure 1.14), regularity in the shape of the alginate 

microbeads is not observed.  Furthermore, the microscopic image of the proposed single 

cell that was encapsulated in an alginate gel microbead was not conclusive. The percentage 

cell viability of the encapsulated cells was then evaluated using a flow cytometer followed 

by a microscope.  
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Figure 1.14: Single and multiple cells encapsulated in alginate microdroplets that were produced by Jongin Hong 
et al. via a number of different flow focusing configurations (244). The scale bar shown on the image represents 
100 µm. 

 

1.5.11.3 Cross junction microfluidic chips 

Cross junction microfluidic chips work on the basis of creating a stream of the dispersed 

phases, which is then broken up by flow focusing with an immiscible carrier fluid (the 

continuous phase). Once the two phases meet, droplets are formed one at a time due to the 

shear force caused by the continuous phase stream. In such microfluidic chips, the 

dispersed phase is always introduced into the middle inlet and the second immiscible fluid 

is introduced into the side inlets. In order to produce gel microbeads, the uniform 

microdroplets that are formed at the cross junction are subsequently gelated via different 

gelation mechanisms (193).    

Zhang et al. reported the use of a cross junction microfluidic chip to produce 

microparticles at ambient conditions. The particles produced were monodisperse and 

spherical (207). This paper is the first to describe the curing process of alginate gel 
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microdroplets within the microchannels of the microfluidic chip. As shown in Figure 1.15, 

the alginate gel microbeads were produced by the emulsification an aqueous alginate 

solution in an organic phase consisting of calcium iodide (CaI2) as a cross-linker. Calcium 

ions then diffused from the undecanol containing CaI2 in the downstream channel, leading 

to the gelation of the alginate gel microdroplets. The sizes of the alginate microbeads 

produced using this microfluidic approach ranged from 30 to 230 µm, with a reported 

polydispersity of 0.2%. 

 

 

Figure 1.15: The cross junction microfluidic chip used by Zhang et al. to produce alginate gel microdroplets (203). 

 

A dye fluo-3 was mixed with the alginate solution in order to enable the analysis of Ca2+ 

distribution within the alginate gel microbeads, which were then subsequently analysed 

using a confocal fluorescence microscope. The results showed that an increase in the 

concentration of CaI2 in addition to an increase in the exposure time to the Ca2+ ions 

resulted in a uniform distribution of Ca2+ within the alginate gel microbeads. 

Unfortunately, this microfluidic approach was used to encapsulate polystyrene (PS) beads 

as a cell model. Therefore, although this approach can be used to control the amount of 

particles that are encapsulated per alginate gel microbeads, PS is not true representative of 

living cells. Furthermore, the organic phase used in this microfluidic approach is toxic to 

cells and should therefore be substituted (247). 

 

Calcium alginate gel microdroplets 

0.2 wt % CaI2 in 
undecanol 

1.0 wt % alginate 
solution 

0.2 wt % CaI2 in 
undecanol 

Flow direction 
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Another approach to gelify alginate gel microdroplets was described by Shintaku et al. 

(248). This approach involved the fabrication of novel microfluidic chip consisting of a 

cross junction and T-junction as shown in Figure 1.16. The formation of alginate 

microdroplets using this microfluidic approach was analysed both experimentally and 

theoretically in terms of the fluid dynamic process.  

 

 

 

An alginate/ cell (mouse erythroleukemia cells (MEL)) solution was introduced to the 

microfluidic chip via the central inlet of the cross junction. The oil continues phase 

subsequently caused the alginate/cell solution to break-up into monodisperse alginate 

microdroplets containing MEL cells. This was followed by the gelation process of the 

alginate microdroplets, once they became in contact with the merging CaCl2 solution, 

which was introduced into the chip via T-junction that was referred to as a nozzle by 

Shintaku et al. (248). The diameters of the alginate microdroplets were measured at 

varying flow rates and ranged between 104 to 167 µm. Findings from this study showed 

that the higher the flow rates the smaller the diameters of the microdroplets due to the drag 

force, which causes the breakup of the alginate microdroplets. Furthermore, the alginate 

gel microbeads containing MEL cells were not spherical and had defects within their 

Figure 1.16: Schematic diagram of the microfluidic chip developed by Shintaku et al. in order to 
produce alginate gel microbeads containing living MEL cells (246). 
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surfaces as seen in Figure 1. 17. In addition to this the viability and functionality of the 

encapsulated MEL cells were not tested.   

 

Figure 1.17: A photograph of the alginate gel microbeads containing MEL cells. These microbeads were formed 
by the microfluidic chip, which was developed by Shintaku et al. (246). 

  

A different study carried out by Workman et al. (249) described the production of alginate 

gel microbeads containing cells. These microbeads were produced by a non-conventional 

approach, liquid chromatography fluid connectors were introduced equatorially into a 316 

stainless steel manifold. Nitrile rubber O rings were used to seal the vertical through rigs, 

which directed the fluid flow toward the top of the surface of polytetrafluorethylene 

(PTFE) located on the 316 stainless steel manifold. The microchannels in this microfluidic 

approach were machined into the PTFE discs. An internal gelation process was adopted to 

produce alginate gel microbeads containing living cells. Nanocrystalline calcium carbonate 

was added to the sodium alginate solution (internal aqueous phase), whereas acetic acid 

was added to sunflower oil (external oil phase). The acetic acid and calcium carbonate 

react almost immediately, which can lead to the main channel clogging up. In order to 

overcome this drawback, Workman and colleagues developed a novel geometry that 
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protected the alginate solution containing calcium carbonate from the acetic acid until the 

alginate microdroplets were formed and enter the main microchannel (Figure 1.18). The 

shielding flow described in this study to protect the alginate solution containing calcium 

carbonate involved the addition of two inlets to pump sunflower oil into the microfluidic 

setup. Therefore, the alginate microdroplets formed were enclosed in a shielding fluid. The 

subsequent diffusion of protons from the external oil phase, allowed the alginate 

microdroplets to acidify. This approach prevented the gelation process from occurring at 

the junction, in addition to having more control over the diffusion rate of acetic acid into 

the alginate microdroplets. This microfluidic approach allowed the formation of 

monodisperse alginate gel microbeads with diameters ranging from 80 – 400 µm, 

depending on the experimental setup.  

 

Figure 1.18: Schematic diagram of the microfluidic chip fabricated by Workman et  al. (247) to encapsulate cells 
in alginate gel microbeads. 

 

The alginate gel microbeads produced in this study were then used to encapsulate human 

embryonic kidney cell line HEK 293. The percentage viability of encapsulated HEK 293 

cells in alginate gel microbeads was measured over a period of 12 weeks. Workman and 

colleagues reported that clusters of cells started to form after day 15 of encapsulation, and 

that these clusters consisted of live cells. On the contrary, single encapsulated cells died 15 
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days after encapsulation. However, all the encapsulated cells died 12 weeks later (Figure 

1.19).   

 

Figure 1.19: Microscope images of encapsulated HEK 293 cells reported by Workman et al. (a) light microscope 
image of three alginate gel microbeads containing HEK 293 cells, (b and c) are confocal images of encapsulated 
HEK 293 cells in an alginate microdroplet 24 hours after encapsulation, and (d and e) are confocal images of 
encapsulated HEK 293 cells in an alginate microdroplet 24 hours after encapsulation. The encapsulated live HEK 
293 cells were stained with a green dye and the dead cells were stained with a red dye (249). 

 

The same microfluidic approach was later reported in another study by the same group for 

encapsulating a number of other cell lines, including: human: human osteosarcoma cell line 

(U-2OS) and a cell line derived from a pheochromocytoma of the rat adrenal medulla (PC 

12 cells) (1). Moreover, since calcium carbonate and glacial acetic acid are potentially 

toxic to living cells, cytotoxicity tests were carried out. These tests revealed that the 

concentrations at which both chemicals were used caused no significant damage to cells. 

Workman and colleagues concluded that the microfluidic approach they developed had 

minimal effect on the encapsulated cell viability, despite providing a limited detailed 

viability test with regards to the amount of alginate gel microbeads. 

A study carried out by Choong Kim et al. described an interesting microfluidic approach to 

encapsulate cells in alginate gel microbeads by an external gelation mechanism (247). This 

a 
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approach involved the use of calcified oleic acid for in situ gelation to occur, which proved 

harmful to cells. In order to combat this challenge and improve the percentage cell viability 

of encapsulated cells, the authors designed the microfluidic chip with an outlet specifically 

for flushing out the toxic oil as soon as the alginate microdroplets gelated. The PDMS 

microfluidic chip consisted of two main regions: the microdroplet generation part and the 

fluid exchange part. In the inlets located in the microdroplet region, a water-glycerol (80% 

v/v) was mixed with the alginate solution due to hydrodynamic focusing. The resultant 

water-glycol solution enclosed by the alginate solution was then broken up into 

microdroplets by a solution consisting of oleic acid and calcium chloride. The gelation 

process of the alginate solution occurred due to the presence of calcium chloride, which led 

to the formation of core-shell microcapsules. Whereas, solid alginate gel microbeads were 

produced by substituting the water-glycerol solution with a sodium alginate solution.     
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1.5.11.4 Capillary microfluidic devices 

Capillary microfluidic devices usually involves the alignment of glass tubes (a cylindrical 

internal tube and either a cylindrical or rectangular out channels). The most attractive 

features of using glass microfluidic devices reside in the potential to create three 

dimensional flows in addition to being highly resistant to chemicals. Besides this, the glass 

surface can be treated to create either a hydrophobic or hydrophilic surface depending on 

the surface modifier used. Cylindrical capillaries with outer diameters of approximately 1 

mm are typically used in order to fabricate microcapillary devices. The glass capillary is 

then heated and pulled to achieve a narrowing shape with a fine orifice, which is then 

inserted into other glass capillary (characterised with square cross sections) in order to 

build up the final microfluidic device. In order to align both glass capillaries (rounded and 

squared), the outer diameters of both capillaries are the same. Pumping a fluid through the 

circular capillary and an immiscible fluid through the square capillary, with both fluids 

flowing in the same direction allows a coaxial flow to be achieved (250) (Figure 1.20). 

 

Figure 1.20: A schematic diagram of a co-flow microfluidic device fabricated for the production of microdroplets 
(251). The arrows represent the direction of the flow of fluids and the generated microdroplets. 

In contrast, a flow focusing mechanism is achieved when the two immiscible fluids are 

introduced in opposite flow directions into the device at the ends of the same square 

capillary (Figure 1.21). The inner fluid is hydrodynamically focused by the outer fluid by 

the small orifice of the round capillary, which leads to the formation of a regular steam of 

microdroplets.  
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Figure 1.21: A schematic diagram of a flow focusing microfluidic device fabricated for the production of 
microdroplets (251). The arrows represent the direction of the flow of fluids and the generated microdroplets. 

   

Morimoto et al. were the first to describe the use of microcapillary coaxial devices for 

producing alginate-poly-L-Lysine (PLL) gel microcapsules containing cells (11). The 

microfluidic device described in this study was developed by stereolithography for the 

production of monodisperse alginate water/oil microdroplets. The gelation process 

involved a modified internal gelation method, where CaCO3 was added to the alginate 

solution; however, acetic acid was replaced with Glucono delta-lactone (GDL) as an 

acidifier. The authors reported a gradual reduction in pH when using GDL and the use of 

this acid was gentle enough on cells. Corn oil that contained 2% (w/v) lectin was used as 

the outer fluid, and an alginate/ CaCO3 nanoparticle solution containing Chlamydomonas 

in addition to GDL represented the inner fluid. The outer and inner fluids then mixed at the 

orifice, resulting in the production of alginate gel microdroplets, which were subsequently 

gelated by the slow pH reduction caused by the release of Ca2+ ions.  

Once the corn oil was removed, the alginate gel microbeads were coated with PLL, 

forming a poly-ion complex with alginate (negatively charged). Lastly, a thin layer of 

alginate was used to create another external layer in order to improve the strength of the 

membrane. The resultant alginate gel microbeads were referred to as “semi-permeable 

membrane cages”. These microbeads were then studied to show that they can be 

manipulated and investigated in dynamic microarray devices (11). The microarray was 

then used to assess and evaluate the capsular membrane permselectivity and the viability of 
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the encapsulated cells. Although the results from this study seemed promising, a more 

complex cell model rather than a unicellular alga should be used to conclude the suitability 

of this microfluidic approach for future mammalian cell encapsulation studies.  

Microfluidic devices have been known to generate multiple emulsions, in which 

microdroplets containing smaller microdroplets represent the dispersed phase (250). The 

multiple emulsions can be produced in glass microcapillaries by consecutive or concurrent 

co-flow and flow focusing.  

Martinez et al. (252) described a microfluidic approach to encapsulate living cells in 

monodisperse alginate hydrogel microparticles, which were produced by a monodisperse 

double-emulsion intermediate. The inner water phase (water in oil in water double 

emulsion) consisted of alginate microdroplets coated by an oil phase consisting of a 

mineral oil layer, which was then further dispersed in an external water phase comprising 

an aqueous solution containing CaCl2. The authors used a microfluidic device that was 

built up from round capillaries that were inserted into a square capillary (the coaxial 

geometry), combining the co-flow and flow focusing, and in turn enabling the double 

emulsions are fabricated in a single step (Figure 1.22).  

The alginate solution (inner water phase) is pumped into one of the inner capillaries, 

whereas the mixture containing the surfactant, glycerol and deionized water (external water 

phase) in addition to the mineral water phase are pumped into the squared capillary from 

the opposite direction. The double emulsion microdroplets are then formed at the entrance 

of the second capillary. These microdroplets  

undergo an external gelation process once they are collected in a calcium bath. However, 

due to the low interfacial tension observed between the two aqueous solutions, there was 
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an insufficient driving force to enable the restoration of the spherical shape of the alginate 

microdroplets.  

 

Figure 1.22: Schematic diagrams of (a) the microfluidic device used by Martinez et al. (250), (b) The area of the 
microfluidic device showing the intersection of the input and exit capillaries. 

This microfluidic approach led to production of alginate microparticles characterised with 

tear-drop shapes (Figure 1.23). The lack of sphericity of the microdroplets produced using 

this microfluidic method, limits its application in in-vivo studies, since regular spherical 

microbeads and smooth surfaces are vital requirements. Furthermore with regards to cell 

encapsulation applications, yeast cells were encapsulated in the alginate gel microparticles 

and cell viability was subsequently monitored over a week. 

 

Figure 1.23: Bright field image of alginate microparticles produced by Martinez et al. (250). The inner dimeters of 
these microparticles were 226 µm. 
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Recently, the use of agarose gel microbeads has been investigated for a number of 

applications such as the food industry, medicine and cell encapsulation studies (253,254). 

Luo et al. described one of the first microfluidic approaches to encapsulate cells in agarose 

microcapsules (255). This approach involved the use of a microfluidic chip (microfluidic 

device) fabricated from PDMS with a flow focusing geometry. The agarose solution 

containing yeast cells (aqueous phase) was pumped through to the middle of the flow 

focusing geometry, whereas the oil phase was pumped though by two side inlets as shown 

in Figure 1.24.  

 

Figure 1.24: (a) experimental setup described by Luo et al. et al for the production of agarose gel microparticles 
containing live yeast cells. (b) A schematic diagram of the microfluidic chip fabricated by Luo et al. for the 
production of agarose gel microparticles containing live yeast cells (255). 

 

The microdroplets produced were then cooled externally using an ice bath for the gelation 

process of the agarose particles. The results obtained from this study showed that the 

higher the flow rates of the oil and aqueous phases the smaller the sizes of the 

microdroplets produced. Furthermore, this letter describes the effectiveness of agarose 

microparticles to encapsulate living yeast cells. However, long term cell viability was not 

tested, and yeast cells were used as a model. Yeast cells are smaller and have a cell wall. 

The microfluidic chip described in this study was not reusable and it would have been hard 

to use by lay-people. 
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Another microfluidic attempt to encapsulate cells in agarose microparticles was described 

by Eun et al. (256). The microfluidic device used in this study was fabricated from PDMS 

and entailed a flow focusing geometry in addition to three inlets and one outlet as shown in 

Figure 1.25. The agarose solution containing cells were dispersed into the microfluidic 

chip via the horizontal inlet, whereas the mineral oil streams were pumped into the 

microfluidic device via two orthogonally oriented microchannels, resulting in the 

formation of agarose microdroplets. Furthermore, so that the premature gelation of the 

microdroplets was avoided, the syringes attached to the pumps were heated up to 40oC 

using a heating tape, whereas the microfluidic chip was maintained at 37oC.  

 

Figure 1.25: A schematic diagram of the PDMS microfluidic device fabricate by Eun et al. to produce agarose 
microdroplets containing E.coli (254). 

 

This microfluidic approach was developed as a pioneering substrate for bacterial cell 

culture instead of using agar plates for routine screening, selecting and isolating bacteria 

cells. The agarose microparticles produced in this study enabled the bacteria cells to be 

located easily upon encapsulation and nutrients and oxygen were exchanged between the 

encapsulated bacteria cells the medium. Eun and colleagues proposed the potential the use 

of this microfluidics approach for biological screening purposes. Therefore, to validate this 

concept the authors encapsulated E.coli in agarose microparticles. The encapsulated E.coli 

cells were then tested in the presence of bacterial RNA inhibitor rifampicin at different 

concentrations. Microscope images obtained from these experiments showed that the 
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authors encapsulated single E.coli cells in agarose microparticles. Although single cells 

encapsulation was achieved, a significant amount of the agarose microparticles remained 

empty (Figure 1.26). This signifies the need to improve the fluid flow rates pumped 

through the microfluidic chip in order to produce reproducible, constant and continuous 

agarose microparticles containing single bacteria cells. 

 

Figure 1.26: Image of agarose microbeads produced by Eun et al. (254) in order to encapsulate E.coli at time 0. 

An example of a microfluidic chip with a T-junction droplet generator fabricated to 

produce agarose hydrogels with different mechanical properties was described by 

Kumachev et al. (257) (Figure 1.27). This approach saw the formation of the agarose 

aqueous phase above the T-junction by a curvy shape mixing microchannel and two inlets 

to pump in different concentrations of agarose solutions. The syringe pumps were 

maintained 37oC to heat up the agarose solution. However, upon emulsification the 

temperature was reduced to 32oC. After the agarose solution travelled through the curvy 

mixing channel, the stream of alginate solution was broken down into microdroplets by 

mineral oil, which represents the continuous squeezing phase. The agarose concentration 

within the microdroplets differed depending on the flow rates employed for both of the 

agarose solutions, which leads to the production of agarose hydrogel microparticles with 

varying characteristics. This microfluidic approach can be used to investigate different 

mechanical properties and their effect on cellular responses of the encapsulated cells.  
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Figure 1.27: Schematic diagram of the microfluidic chip fabricated by Kumachev et al. (257). 

 

The cells encapsulated in the agarose microparticles described in this study were two 

murine embryonic cell lines. Images of the encapsulated cells indicated that the cell 

distribution within the microparticles were homogeneous (Figure 1.28).  

 

Figure 1.28: The fluorescence microscopy images obtained by Kumachev et al. of agarose microparticles 
containing (a) R1 and (b) YC5-YFP-NEO murine embryonic cells in Hanks Balanced Salt Solution buffer (255). 
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1.5.11.5 Other polymer microparticles 

A significant number of articles published the use of polymers other than alginate and 

agarose to produce microparticles for cell encapsulation studies. Examples of polymers 

that have been used as encapsulating materials include gelatine, pectin xanthan and PEG. 

Sakai et al. (119) reported the production of gelatine core-shell capsules to encapsulate rat 

adipose-derived stem cells using a flow-focusing droplet generator.  These gelatine 

microparticles were produced by emulsifying a gelatine/ cell solution in paraffin. The 

resultant gelatine microparticles were suspended in a cross-linkable solution made up from 

a gelatine solution containing phenolic hydroxyl groups and horseradish peroxidase, 

resulting in the formation of a shell layer. Upon coating, the microcapsules were then 

passed through the same microfluidic setup, allowing the formation of multi-layered 

microcapsules which were then treated with the gelatine solution containing phenolic 

hydroxyl groups and horseradish peroxidase to all for the cross-linking reaction to occur.  

The purpose of the outer layer shell described in this study was to acquire a bioadhesive 

surface, which can potentially be used to add an adherent cell layer to the microcapsules 

containing cells. Sakai et al. (119) investigated the adhesiveness of the microcapsules that 

they have developed by using adherent L929 fibroblast cells. Results showed that one day 

after in vitro culture took place, the seeded L929 fibroblast cells formed cell layers on the 

gelatine microcapsules containing HepG2 cells.    

Pectin is a natural polymer that exhibits similar gelling behaviour to alginate. This natural 

polymer has been used in a variety of fields such as the food and pharmaceutical industries 

because it is biocompatible and versatile. Pectin is known to have a complex structure 

which generally consists of linear (1–4) linked α-D-galacturonic acid units, with some of 

the carboxyl groups presented in the form of methyl ester. Pectins can be classified as 
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either low methoxyl or high methoxyl depending on the degree of methyl esterification. 

Both classes of pectins can form gels however, their gelling mechanisms vary.  

A study carried out by Yang et al. took advantage of the low methoxyl pectin gelling 

properties (258). This study involved the use of a flow focusing microfluidic system to 

produce pectin microparticles. The external focusing phase consisted of mineral oil 

whereas the water phase consisted of three aqueous steams including: a pectin solution, 

calcium chloride solution and water. Pectin hydrogels were formed once the low methoxyl 

pectin solution in mineral oil was cross-linked with calcium ions. These hydrogels 

appeared to be polydisperse and their sizes ranged from 40 to 100 µm in diameter. Yang et 

al. suggested that this microfluidic approach may potentially be used for a number of 

applications including drug delivery associated with controlled release. In order to provide 

proof of principle, this study involved the encapsulation of bovine serum album as a model 

protein. Table 1.1. shows a direct comparison of the different approaches described in 

section 1.5.11.  
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Table 1.1:  A comparison between numerous approaches reported in literature to encapsulate cells in alginate gel microbeads. 

Encapsulated 
cell 

Material of 
microfluidic 

chip 

Gelation 
mechanism 

Crosslinking mechanism 
Junction 
geometry 

Cell viability Microbead morphology  

Yeast  (241) PDMS External  
Ionic crosslinking/ calcium 
chloride. 

T-junction Long term viability not detailed. 
60- 95 µm 
Sphere. 

Jurkat (E6-1) (6) PDMS Internal  
Ionic crosslinking/ calcium 
chloride, and corn oil 
containing acetic acid. 

T-junction 
19.3% to 74.3% viable immediately 
after encapsulation. Long term viability 
not detailed. 

94- 150 µm 
Sphere. 
 

NOD mice (243) 
Cyclo-olefin  
co-polymer 

Partial 
Ionic crosslinking for 
crosslinking the alginate/ 
barium ions.  

Y-Junction 
Reported to be highly viable after 16 
days. However, the % cell viability was 
not reported. 

~ 233 - 249.3 µm 
depending on the employed 
parameters.  
Alginate/agarose 
microbeads were spherical. 

HepG2 (244) PDMS Internal 
Ionic crosslinking/ calcium 
chloride, and corn oil 
containing acetic acid. 

Double T-
junction 

Cells were analysed 15 minutes after 
encapsulation, and long term viability 
was not detailed. 

40-100 µm. 
Almond like shaped. 

Primary 
chondrocytes 
(245) 

PDMS External  
Ionic crosslinking/ calcium 
chloride. 

T-juncrion 
Cell viability was ~ 96% and long term 
viability was not reported.  

150-370 µm. 
Oval. 

Jurkats (246) PDMS External 
Ionic crosslinking/ calcium 
chloride. 

T-junction and 
flow focusing 

Reported to be highly viable but no 
specific time mentioned. 

The size was not indicated.  
A distorted shape.  

Polystyrene 
beads (207) 

PDMS Internal 
Ionic crosslinking/ calcium 
iodide. 

Cross junction Cells were not encapsulated. 
30- 230 µm.  
Spherical and distorted 
shapes. 

MEL (248) PDMS Internal 
Ionic crosslinking/ calcium 
carbonate. 

Cross junction 
and T-junction 

Cell viability was not considered. 
104- 167 µm.  
Lacked sphericity  

HEK 293(249) PTFE Internal 
Ionic crosslinking/ calcium 
carbonate. 

Cross junction 
Cell viability was measured over 12 
weeks, and was reported to have no 
significant effect on cell viability.  

80- 400 µm. 
Sphere. 

Three different 
cell types (247) 

PDMS External 
Ionic crosslinking/ calcium 
chloride. 

Cross junction Cells remained viable for up to 7days. Spheres. 

Chlamydomonas 
(11) 

PDMS Internal 
Ionic crosslinking/ Calcium 
carbonate.  

Coaxial 
Cells remained viable 22 hours after 
encapsulation 

Sphere. 

Yeast cells (250) Glass External 
Ionic crosslinking/ calcium 
chloride. 

Coaxial 
65% of cells remained viable a week 
after encapsulation. 

Lacked sphericity- 
appeared liked tear drops. 
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 Jurkat cells  1.5.12

Jurkat cells were first established from peripheral blood of a 14 year old boy who suffered 

from acute lymphoblastic leukemia (ALL). The boy was treated with chemotherapy and 

preventative irradiation to the skull, but then suffered four relapses within a span of 7 

months, and his condition deteriorated and he passed away during the fourth relapse. These 

cells lines were established during the first relapse (16). Jurkat cells are transformed cancer 

cells and can be cultivated using standard flasks and culture medium. Therefore, these cells 

have become an acceptable model for many biological and medical research studies (259). 

Jurkat cells were used as a cell model for the encapsulation studies carried out throughout 

this Thesis.  

 Digital detection of encapsulated cells using fluorescence microscopy 1.5.13

The ability to understand cell functions and fate is vital in many fields such as cell biology, 

biotechnology and medicine. Therefore, a number of tools such as florescence microscopy 

have been developed to help manipulate and characterise cells, which in turn has enhanced 

our understanding of cell functioning. The cells that were encapsulated using the optimised 

microfluidic chip and setup described in Chapter 4 were imaged using florescence 

microscopy to monitor cell growth.   

Fluorescence microscopy is a powerful tool that enables instant and detailed visualisation 

of cells, cellular components and tissues. Visualisation of these biomolecules is achieved 

since fluorescent labels, such as propidium iodide (PI), bind to specific cellular 

components and allows real time images to be taken. Furthermore, taking snapshots of 

cells allows for stationary optical information to be obtained. On the other hand, operating 

the microscope in the dynamic mode enables various cellular functions such as cell growth 

and division to be monitored (260).  
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1.5.13.1 Fluorescent dyes 

There is a broad range of fluorescent dyes that are commercially available to stain different 

cellular components. These dyes have different colours, which make it easier to 

differentiate between cellular components in addition to assessing whether cells are alive 

or dead. For instance, the ability to label cell nuclei with propidium iodide (PI) can 

facilitate with tracking single cells both manually and automatically (260,261). 

Furthermore, calcein acetoxymethyl ester (calcein-AM) is another useful dye, which is 

used for time-lapse microscopy. Calcein-AM is a naturally non fluorescent molecule, 

which is able to penetrate cell membranes. However, the green signal emitted from 

calcein-AM is caused due to the modification it incurs by intercellular esterases found in 

living cells, which results in the production of a green fluorescent product that is trapped in 

the cytoplasm. Hence calcein-AM is beneficial both as a tracking dye and for monitoring 

cell viability during living imaging (261).    

1.5.13.2        Maintaining healthy cells for continuous imaging 

The ability to maintain live cells is the most important parameter for long term time lapse 

imaging. Hence, there is a need to recreate the cells native environment as much as 

possible. To recreate such an environment many factors need to be considered. The 

medium used should be able to supply cells with the relevant nutrients, the temperature and 

pH, the supply of oxygen and carbon dioxide, in addition to maintaining cell osmolarity 

(261).    

The concentration of CO2 is usually higher in cell culture media than in the atmosphere, 

this is because a higher concentration is needed in order to maintain cell processes and pH 

(261,262). Cell cultures are usually maintained in humidified incubators that are set at 

37oC and are supplied with 5% CO2. However, the CO2 can evaporate quite rapidly due to 

the constant exchange of gases. Removing cells from the incubators can reduce cell 
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viability due to fast changes in pH. Therefore many buffers, such as 25 mM HEPES [4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid], are routinely used in cell culture 

laboratories (261,263).  

The best approach to maintain the desired pH for cell viability when carrying out time-

lapse experiments is to ensure the microscope used is equipped with an incubator, which 

allows both the temperature and CO2 to be monitored and altered when needed. 

Alternatively, the culture medium can be equilibrated at 5% CO2 and the incubation 

chambers used should be sealed. It important to remember that most plastic ware used for 

cell culturing purposes is permeable to gas (261).  
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 Conclusion 1.6

Microfluidic technology plays a fundamental role in reducing samples and formulations 

needed for a wide range of biological and medical applications. Numerous approaches 

have been carried out to encapsulate live cells in microbeads to conduct further biological 

experiments such as monitoring cell growth and fate. However, there is a need to optimise 

existing approaches to produce an ideal microbead for cell encapsulation so that further 

biological and medical applications can be carried out. A comparison between natural and 

synthetic materials that have been used in literature to encapsulate cells, reveal that a 

number of materials maybe suitable for cell encapsulation once modified. Moreover, a 

comparison of different materials used to fabricate microfluidic chips was also carried out, 

and showed that a number of materials can be used but some are more suitable than others. 

The low cost, biocompatibility and easiness to form gels makes alginate one of the most 

popular materials used for cell encapsulation. Cells still remain viable and grow upon 

encapsulation in alginate gel microbeads. This is most probably due to the advantages that 

this natural material has to offer in addition to allowing nutrients and oxygen to enter the 

microbeads when needed. Furthermore, the ability to degrade alginate gel microbeads 

using relatively mild techniques, offers many potential advantages for medical applications 

such as releasing insulin in diabetic patients.  

A number of areas that required more understanding and improving were identified and 

can be summarised as follows:  

 There is no detailed report on the effect of encapsulating cells in alginate gel 

microbeads, in terms of cell growth. 

 There is also no detailed report on the effect of reagents and formulations used to 

solidify and degrade alginate gel microbeads. 
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 There is a need to optimise a microfluidic setup and chip to produce alginate gel 

microbeads, which are easy to use, design and generate reproducible microbeads, 

which can then be used for cell encapsulation.  

 

The following Chapter (Chapter Two) details investigations that were carried out to 

determine the suitability of alginate as an encapsulating material for live Jurkat cells. In 

summary, these investigations included studying the effect of reagents used to solidify and 

degrade the alginate beads on cell growth, in addition to monitoring cell growth in the 

alginate gel beads over a period of seven days. Based on the results obtained alginate was 

used to produce gel microbeads containing cells in further investigations, which were 

carried out in Chapters three and four. 
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2 Chapter TWO          

Calcium Alginate as an encapsulating material  

 Introduction 2.1

Extensive research has been carried out in the field of cell biology to enhance the 

development of three-dimensional (3D) cell cultures. The significant increase in interest of 

studying cells in 3D culture is due to the fact that 2D cultures are unable to mimic cellular 

activities in vivo (13,14). Moreover, cells interact with each other and with matrices, 

regulate signalling pathways and cell survival in 3D environments (14,264). Hence, 

findings obtained from 2D culture systems could be misleading (13) and unreliable. The 

development of a stable and reliable 3D culture will therefore improve our current 

knowledge of many cellular processes.                                                                                                                                                                                      

The main aims of this chapter were to encapsulate live Jurkat Clone E6-1 cell lines (T-

lymphocytes) in calcium alginate gel beads, in addition to determining the effect of the 

formulations used to solidify and dissolve these beads. Jurkat cells were chosen for the 

work carried out in this Thesis as they are an acceptable cell model for many biological 

and medical research studies (16), in addition they are easy to maintain and was readily 

available from Dr. Anne-Marie Buckle’s research group. 

Alginates are composed of blocks of α-l-guluronic and β-d-mannuronic acid residues. The 

sequences and structures of alginate vary from one type to another, depending on the 

composition of α and β block regions that they consist of (48). Alginate was used as the 

encapsulating material in the work described in this PhD thesis for several reasons 

including: its biocompatibility (265), low toxicity, inexpensive (265) and its ability to form 

gels easily in the presence of divalent cations, for example Ca2+ and Mg2+ (48,265).  

The calcium alginate gel beads were produced using a 25 Gauge × 25.4 mm needle that 

was attached to a syringe containing the sodium alginate/cell solution. This solution was 
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then dispersed gently into a cross-linking bath consisting of 10% calcium chloride solution, 

resulting in the gelation of the alginate droplets. It was vital that the alginate solution was 

dispersed into the 10% calcium chloride solution gently in order to prevent unwanted 

coalescences of the alginate gel beads (220).  

The materials, methods, and formulations used to produce calcium alginate gel beads 

containing Jurkat cells and to dissolve them if needed are discussed in this Chapter. The 

effect of calcium chloride and sodium citrate on cell viability and cell growth was studied 

to determine their compatibility with live cell studies, in particular for the process of 

microencapsulation. Findings showed that these formulations had a relatively low impact 

on cell viability and that encapsulated Jurkat cells were 100% viable over a period of 7 

days.  
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 Materials, methodologies and instrumentation 2.2

 Materials 2.2.1

The materials used for cell culturing, cell encapsulation and dissolution calcium alginate 

gel beads are listed in Table 2. below. 

Table 2.1: Materials used for initial studies on cell encapsulation in alginate gel beads 

Reagents and materials Purity/ 

concentration  

Product code 
Supplier 

Alginic acid sodium salt from brown 
algae (sodium alginate) 

 A2033 Sigma Aldrich 

Calcium chloride, anhydrous ≥97% 746495 Sigma Aldrich 

Corning® cell culture flasks surface 
area 25 cm2, angled neck, cap 
(vented)  

NA CLS3056 Sigma Aldrich 

Corning® cell culture flasks surface 
area 75 cm2, canted neck, cap 
(vented)  

NA CLS430641 Sigma Aldrich 

Corning® Costar® cell culture plates 
24 well, flat bottom (individually 
wrapped)  

NA CLS3524 Sigma Aldrich 

Corning® Costar® Stripette® 
serological pipettes, individually 
paper/plastic wrapped. Capacity 5 mL 

NA CLS4487 Sigma Aldrich 

Corning® Costar® Stripette® 
serological pipettes, individually 
paper/plastic wrapped.  Capacity 
10 Ml 

NA CLS4488 Sigma Aldrich 

Corning® Costar® Stripette® 
serological pipettes, individually 
paper/plastic wrapped. Capacity 
25 mL  

NA CLS4489 Sigma Aldrich 

Dimethyl sulfoxide ≥99.9% 472301 Sigma Aldrich 

Fetal Bovine Serum  
USA origin, sterile-filtered, suitable 
for cell culture, suitable for 
hybridoma 

Impurities 
≤10 EU/mL 
endotoxin 

F2442 Sigma Aldrich 
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Glacial acetic acid ≥99.7% 695092 Sigma Aldrich 

Gelatine from bovine skin  G9391 Sigma Aldrich 

Hydrochloric acid (HCl)  36.5-38.0% H1758 Sigma Aldrich 

Gilson micropipettes  
NA 10736825 

Thermo Fisher 
Scientific, Inc 

(4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) 
(HEPES) 

≥99.5% H4034 Sigma Aldrich 

Isopropanol  70% in H2O 563935 Sigma Aldrich 

L-Glutamine solution, sterile-filtered, 
BioXtra, suitable for cell culture  

 

200 mM, G7513 Sigma Aldrich 

25 Gauge × 25.4 mm needle NA BD305125 VWR 

Micropipette tips (20, 100 and 1000 
µl) 

NA 
15287783 and 

10123002 
Fisher 

Scientific 

Penicillin-Streptomycin. 

Solution stabilised, with 10,000 units 
penicillin and 10 mg 
streptomycin/mL, sterile-filtered, 
BioReagent, suitable for cell culture  

100 × P4333 Sigma-Aldrich 

Dulbecco’s Phosphate Buffered 
Saline (PBS)  

With MgCl2 and CaCl2, liquid, 
sterile-filtered, suitable for cell 
culture 

 D8662 Sigma-Aldrich 

RPMI-1640 (with sodium 
bicarbonate, without L-glutamine) 

 R6504 Sigma-Aldrich 

Sodium hydroxide (NaOH) ≥97.0% 221465 Sigma-Aldrich 

Trisodium citrate  S1804 Sigma-Aldrich 

Trypan blue 

0.4%, liquid, sterile-filtered, suitable 
for cell culture 

 T8154 Sigma-Aldrich 

Mr Frosty (cell freezing container) 
NA 5100-0001 

Fischer 
Scientific  
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 Methodology  2.3

 Cell culturing, maintenance, freezing and recovery procedures for Jurkat cell lines 2.3.1

The Jurkat cells used for investigations carried out in this Chapter were obtained from Dr. 

Anne-Marie Buckle’s research group at the University of Manchester. Jurkat cell lines 

were sub-cultured in a class II biohazard cabinet under a laminar flow (purchased from 

Walker Safety Cabinet Ltd, Glossop, UK). The cells were maintained in RPMI-1640 

medium (with sodium bicarbonate, without L-glutamine), and were incubated in a 

Galaxy® S Series CO2 Incubator (Walker safety cabinets, Glossop, UK) at 37C and in a 

5% CO2 atmospheric environment. The RMPI-1640 medium was supplemented with 5% 

(v/v) foetal bovine serum (FBS), 1 mM L-glutamine and 1% (v/v) Penicillin-Streptomycin 

(10,000 units of penicillin and 10 mg of streptomycin/ mL). The supplemented RPMI-1640 

medium was stored at 4C until needed. The Jurkat cells were routinely sub-cultured three 

times a week in fresh complete RPMI-1640 medium so that the initial seeding density was 

never allowed to exceed 2×105 cells/ mL and was not allowed to exceed 3×106 cells/ mL. 

The cells were transferred into a 15 mL universal tube every two weeks and were 

centrifuged at 1800 rpm for 5 minutes forming cell pellets that was re-suspended in 9 mL 

of RPMI-1640 medium to remove any build up of old RPMI-medium and cell debris. 

The Jurkat cells were preserved by freezing using liquid nitrogen in a pre-prepared 

freezing medium consisting of 80% FBS with 20% Dimethyl sulfoxide (DMSO). The cells 

were centrifuged at 1800rpm for 5 minutes, and the supernatant was removed. The cell 

pellet was then re-suspended in the freezing media to a concentration of 3×106 cells/ mL 

and aliquoted into 1 mL cryogenic vials. DMSO is hazardous at 37oC or room temperature 

so this step needs to be carried out on ice. Once the cryogenic vials were filled, they were 

placed into a cell freezing container with isopropanol. The Jurkat cells were then stored in 
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a - 80C freezer for two days before being transferred to liquid nitrogen for long term 

storage. 

The cells were thawed by rolling the cryogenic vial in the hands and were pipetted out as 

quickly as possible. The cells were subsequently transferred into 10mL of chilled fresh 

complete RPMI-1640 medium as soon as the ice had almost thawed, and were spun down 

in a universal centrifuge tube at 1800rpm for 5 minutes. The supernatant was removed and 

the cell pellet was re-suspended in 10mL of complete RMPI-1640 medium (room 

temperature) and was placed into the incubator.  

 Cell count  2.3.2

Trypan blue exclusion method was used to count the number of Jurkat cells (viable and 

dead cells) in suspension. This traditional cell biology staining method works by staining 

the cytoplasm of dead cells blue, while the cytoplasms of the live cells remain clear 

because trypan blue does not penetrate viable cell membranes (266). To carry out this test, 

5µl of Jurkat cell suspension was mixed with 5µl of pre-filtered 0.05% trypan blue dye, 

and was then examined immediately using a haemocytometer under a microscope. Figure 

2.1 shows a light microscope image of Jurkat cells that have been stained with 0.05% 

trypan blue. 
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Figure 2.1: Cells stained with trypan blue visualised using a light microscope. The bright (white) cells are live and 

the dark blue cells are dead. 

A haemocytometer is a thick microscope slide that is made up of two polished sub-divided 

grid surfaces and two wells. These grids have nine primary squares, with each primary 

square sub-divided into secondary squares, each measuring 0.0625mm2. An image of the 

haemocytometer grids is shown in Figure 2.2. A haemocytometer coverslip was used to 

mount the microscope slide to resist any surface tension from liquid. The coverslip is 

0.1mm above the grid and thus give a volume of 0.1 mm3 allowing the calculation of cell 

count per ml.  

���� ����� ��� �� = ������� ������  �� �����× �����  Equation 2.1 

Each time the haemocytometer and coverslips were used they were carefully cleaned with 

80% ethanol and lens paper. The coverslip was then placed over the haemocytometer 

before the cell suspension was introduced. Subsequently enough cell suspension was 

Live cell 

Dead cell 
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gradually pipetted into one of the wells, filling up the polished gridded surface under the 

coverslip by capillary action. In case of chamber overloading, filter paper was used to 

remove any unwanted cell suspension. The haemocytometer was then placed under the 

microscope for cell counting using the x20 magnification objective. The cells that occupied 

the upper or left boundaries of the grid were included in the cell count, whereas cells that 

occupied the bottom or right boundaries were excluded. 

 

Figure 2.2: Image of the sub-divided grid surface of the haemocytometer used to count cells using the trypan blue 

exclusion method. 

 

The trypan blue exclusion method was not only used to count cells, but was also used to 

determine the percentage viability of cells, the live and dead cells as described above in 

this section. Percentage viability of cells was calculated using equation 2.2. 
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% ���� ���������=
������  �� ���� �����

����� ���� �����
× ���     Equation 2.2 

 Calcium chloride solution preparation 2.3.3

Firstly a stock solution of 10% (w/v) calcium chloride (CaCl2) was prepared using 

deionised water, and the solution was autoclaved. Subsequently, 1M HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) solution was made up. To make a 100 mL 

of CaCl2 solution, the following solutions were mixed together: 11 mL CaCl2 stock 

solution, 100 µl of 10% Tween 20 and 1 mL of 1M HEPES solution. Deionised water was 

then added to the solution to make a total volume of 100 mL, and the pH was adjusted to 

7.4 with HCl and/ or NaOH. 

 Preparation of sodium alginate solution  2.3.4

A 1.1% sodium alginate solution was prepared for cell encapsulation by adding 0.55 g of 

alginate powder to 47.5 mL of sterile PBS (267) and 2.5 mL gelatin 2% v/w. Gelatin was 

added to the alginate solution to enhance its biodegradability (122) and to stimulate cell 

attachment (268).  

 Encapsulation of cells in calcium alginate gel beads using a syringe  2.3.5

Firstly, the cells were counted using the trypan blue exclusion method described above, 

and were then centrifuged to remove any old medium and cell debris. The cell pellet was 

then resuspended in 1 mL of 1.1% alginate solution. 1 mL of 10% CaCl2 solution was 

transferred into the wells of a 24 well plate using a 1 mL micropipette. The alginate and 

cells were then aspirated carefully using a 1 mL syringe to prevent air bubbles. The 

aspirated alginate/cell suspension was then released into the well containing 10% CaCl2 

solution in a dropwise manner using a 25 Gauge x 25.4 mm needle to form the beads. The 
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distance between the needle and the suspension was about 2 cm, as this was the ideal 

distance to produce alginate microbeads with sizes nearing 2 mm in diameter.  

 

Figure 2.3: Schematic diagram showing the experimental setup used to encapsulate Jurkat cells in huge calcium 
alginate beads. 

 

The volume of each bead produced was estimated to be approximately 13 µl (approximate 

radius of 1.5 µm), since 80 beads were produced per 1 mL of alginate/cell solution. The 

beads were left to incubate for 10 minutes in 10% CaCl2 solution. Excess/ unreacted 10% 

CaCl2 solution was then removed carefully using a 1 mL micropipette ensuring that the 

beads were not pipetted out during this process. The beads were washed three times with 1 

mL of PBS per well. Once the beads were washed, 1 mL of complete RPMI-1640 media 

was finally added to each well, and the 24-well plate was left to incubate in a Galaxy® S 

Series CO2 Incubator at 37C and in a 5% CO2 atmospheric environment. The medium was 

changed every 4-5 days. Photographs of some of hollow alginate gel beads produced using 

the syringe method were taken and are shown in Figure 2.4. These beads were stained with 

amaranth dye in order to help visualise the beads under a microscope using the phase contrast 

setting.  

 

Syringe  

Alginate solution 
containing cells  

Needle   

Sodium alginate 

droplet  

24 well plate   
Calcium alginate beads 

Calcium chloride solution  
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Figure 2.4: Single frame images of alginate gel beads produced using a syringe and 25 Gauge × 25.4 mm needle. 
The beads were stained using amaranth dye to help visualise the beads under the microscope. These images were 
taken using a mono camera on a Zeiss Primo Star microscope at x 40 magnification using the phase contrast 
setting. 1: An empty calcium alginate gel microbead and 2: Inconsistency within the alginate gel. 

 

 Measurements of the calcium alginate beads 2.3.6

The calcium alginate beads containing cells were examined using a light microscope at 

×20 magnification. The diameters of these beads were then measured using a stage 

micrometer.  

1 

2 
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 Preparation of sodium citrate buffer at varying concentrations 2.3.7

The dissolution buffer chosen to release the cells from the calcium alginate gel beads was 

sodium citrate. The buffer was made up initially at a concentration of 50 mM by adding 

14.8 g of sodium chloride, 2.4 g of HEPES and 14.8 g tri sodium citrate to distilled water. 

This was followed by adjusting the pH of the buffer to 7.33. The buffer was then 

autoclaved.  

Another two concentrations (100 mM and 200 mM) of sodium citrate buffer were also 

prepared in order to study the effect of increasing the concentration of sodium citrate 

buffer on the time needed to dissolve the calcium alginate gel beads containing cells. 

 Sodium citrate as a dissolution buffer 2.3.8

The calcium alginate gel beads were dissolved using sodium citrate buffer (dissolution 

buffer). Firstly, the RPMI-1640 medium was removed from the wells containing beads, 

and the beads were washed twice with PBS buffer. Next the beads were left to incubate at 

room temperature in 1 mL of dissolution buffer for 10 minutes. Then 1 mL of PBS was 

added to each well. The cell suspension containing sodium citrate buffer was then 

centrifuged at 1800rpm for 5 minutes. The supernatant was removed carefully using a 1 

mL micropipette. This was followed by adding l mL of RPMI-1640 medium to the cell 

pellet. The cell pellet/medium mixture was mixed thoroughly by pipetting the mixture up 

and down using a blue 1 mL micropipette tip in preparation for cell counting section 2.3.2. 

 Cytotoxicity testing 2.3.9

A series of cytotoxicity tests were conducted to study the effect of the solutions and the 

buffer needed to encapsulate the cells in calcium alginate gel beads and to dissolve the 

beads. To carry out these tests 10 mL of samples containing Jurkat cells in RPMI medium 

(2×106 cells per mL) was centrifuged at 1800 rpm for 5 minutes. The medium was 

removed and the cell pellet was gently resuspended in 1 mL of the substance to be tested, 
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and was incubated for 10 minutes at 37oC and in a 5% CO2 atmospheric environment. The 

substances tested in the initial studies conducted were the calcium chloride solution and 

sodium citrate buffer. The cells were resuspended in 1 mL of either calcium chloride 

solution or sodium citrate buffer depending on the test required. Once the incubation 

period was over, 10 µl of the resuspended cells was added to 100 µl of complete RMP1-

1640 medium. This was carried out at different time points to study the effect of exposing 

the Jurkat cells to these substances over a period. The time points used in these 

experiments were 0 (control), 2, 4, 6, 8 and 10 minutes. Cell numbers were then counted 

using the trypan blue exclusion method as described in section 2.3.2. Cell numbers of each 

sample were also counted at longer time points including: 10 minutes, 30 minutes, 1 hour, 

8 hours, 24 hours and 48 hours after incubation. Jurkat cells grown in a traditional 2D cell 

culture flask was used as a control in all of the cytoxicity tests.  

 Cell growth in calcium alginate gel beads 2.3.10

Jurkat cells were encapsulated in alginate gel beads as described in section 2.3.5. The 

beads were incubated at 37oC upto seven days in an incubator supplied with 5% CO2. The 

alginate gel beads were dissolved in preparation for cell counting using the sodium citrate 

buffer prepared in section 2.3.8. The cells were then counted over five different time points 

to study cell growth using the trypan blue exclusion method described in section 2.3.2. The 

time points were: 30 minutes, 24 hours, 3days, 5 days and 7 days after encapsulation. 

 Effect of sodium citrate on alginate gel bead dissolution under varying volume and 2.3.11

temperature conditions 

Alginate gel beads containing cells were dissolved using three different concentrations of 

sodium citrate dissolution buffer. The concentration of sodium citrate was increased to 100 

mM and 200 mM compared to the 50 mM used to make up the dissolution buffer described 

in section 2.3.7. The beads were dissolved using the three dissolution buffers at two 

distinct temperatures, 25°C and 37°C, and the time needed to dissolve them was measured 
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using a stop watch. The purpose of increasing the concentration of sodium citrate was to 

determine whether or not an increase in concentration increased the speed of gel 

dissolution. The alginate gel beads were also exposed to three different volumes (6 μl, 10 

μl and 13 μl) of the three dissolution buffers, in order to determine the minimum volume 

and time needed to dissolve alginate gel beads.   

 The effect of three different concentrations of sodium citrate dissolution buffer on 2.3.12

Jurkat cells 

Jurkat cells were seeded at 2 × 105, and were directly exposed to the three dissolution 

buffers containing different sodium citrate concentrations; in order to determine the effect 

of increasing the concentration of sodium citrate in the dissolution buffer on cell growth. 

This was carried out using the experimental design described in section 2.3.9. 
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 Results 2.4

 The effect of 10% calcium chloride (CaCl2) solution on Jurkat cells  2.4.1

The calcium alginate gel beads produced to encapsulate Jurkat cells in this chapter were 

gelified as mentioned above using a calcium chloride solution. Therefore, toxicity tests 

were carried out to determine the effect of 10% CaCl2 solution on cell growth. The results 

from these trials were plotted into two separate graphs. Each point on the scattered plot 

represents an average of three experiments that were carried on three different days. 
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Figure 2.5: The effect of 10% CaCl2 treatment used to gelify the calcium alginate gel beads on cell count over a 

period of up to: (a) 60 minutes and (b) 48 hours. The error bars indicate the standard error of the mean of three 

sample replicates. 

 

 

(a) 

(b) 
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In general, there is no significant effect of 10% CaCl2 solution on cell growth for the first 

30 minutes. However, after 30 minutes of incubation a trend starts to appear, whereby cell 

counts decrease with an increase in exposure time to 10% CaCl2 solution as shown in 

Figure 2.5.a Moreover, extended incubations beyond the initial 1 hour and up to 48 hours 

was carried out to investigate whether varying exposure times to 10% CaCl2 solution has 

any potential effect on cell division. Figure 2.5.b shows that there is an increase in the 

number of cells at incubation time 24 hours and 48 hours (these two incubation times are 

enough for cell division), which was almost double in comparison to the control. However, 

the rate at which cells divide seems to be affected by 10% CaCl2 exposure since untreated 

cells divide at a faster rate over 48 hours incubation. Thus, it can be concluded that the 

initial cell growth inhibition by 10% CaCl2 has a lasting and prolonged effect on cells and 

exposure to 10% CaCl2 should be kept to a minimum. Similar observations have also been 

reported in the literature (269,270).   

 The effect of 10% CaCl2 on cell viability 2.4.2

The effect of 10% CaCl2 on the viability of the Jurkat cells was also investigated. The 

results were plotted into two separate graphs (Figures 2.6.a and 2.6.b). Each point on the 

scattered plots represents an average of three experiments that were carried on three 

different days. 
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Figure 2.6: The effect of 10% CaCl2 treatment used to gelify the alginate gel beads on cell viability over a period 
of: (a) 60 minutes and (b) 48 hours. The error bars indicate the standard error of the mean of three sample 
replicates. 

Figure 2.6.a shows the viability of Jurkat cells that have been exposed to 10% CaCl2 for a 

number of incubation time points: 0, 2, 4, 6, 8 and 10 minutes respectively. In general over 

90% of the Jurkat cells were viable for the first 60 minute, and the % viability was mostly 

between 94% - 99% with only two percentages as low as 84 and 87%. The % cell viability 

(a) 

(b) 
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of Jurkat cells when exposed to 10% CaCl2 solution initially decreases a little. These lower 

percentages were found in cell populations that were exposed to 10% CaCl2 solution for an 

initial time of 8 and 10 minutes. On closer analysis it was observed that a trend in exposure 

time to 10% CaCl2 to % cell viability is evident; the longer the exposure time to 10% 

CaCl2, the less viable were the cells. 

Figure 2.6 shows the results obtained on Jurkat cells exposed to 10% CaCl2 over 2,4,6,8 

and 10 minutes and incubated up to 48 hours. Similar trend to that observed for the 

incubation of up to 1 hour was observed (Fig. 2.5 for up to 60 mins) on prolonged 

exposures for up to 48 hours. There isn’t a clear pattern in the viability of the cells in the 

function of exposure to 10% CaCl2.  

In summary, the percentage viability of the Jurkat cells treated with 10% CaCl2 did not 

decrease significantly over the first 10 minutes (~90% cell viability), with the lowest 

number of viable cells observed after 8 hours. The effect of CaCl2 on cell viability was 

clear. Instead of the expected 200% increase in cell numbers, 50% increase in cell was 

only observed, indicating that the ability of Jurkat cells to grow clearly deteriorated when 

exposed to CaCl2. Similar findings have been reported in a number of published articles. 

Gyun Min Lee et al. reported no significant effect of calcium chloride treatment on cell 

viability in the first hour of exposure; nevertheless cell growth appeared to deteriorate 

(269). Therefore, the authors suggested that is it desirable to limit the time that the cells are 

exposed to calcium chloride treatment. In another study carried out by Kim M. McGinnis 

et al. (270) , cells were treated with 5 mM calcium chloride to study the effect of calcium 

chloride on cell viability. The results obtained indicated that indeed excess exposure of 

cells to calcium chloride stimulates cell death. Moreover, a more recent study reported by 

Gudapati H et al. (271), concluded that the recoverability of cells encapsulated in alginate 

gel beads decreased as the exposure time to calcium chloride (used for the gelation 
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process) increased. One of the possible explanations for this observation is that the excess 

calcium ions induced cell injury (269,270), which is not surprising since calcium is the 

main internal messenger in the cell.    
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 The size of the alginate gel beads produced 2.4.3

Alginate gel beads are widely used for encapsulating many biomaterials such as cells, 

enzymes and hormones (37,104,182,208,271). The successful encapsulation of such 

materials prompted many research groups to investigate the importance of bead 

characteristics (such as size and shape) on the materials to be encapsulated (37,272-275). 

Owing to the importance of these characteristics, the size distribution of a number of the 

alginate gel beads produced for work carried out in this chapter was evaluated over three 

different trials Figure 2.7.  

 

Figure 2.7: A graphical representation showing the relationship between the numbers of alginate beads produced 
using the dripping method described in this chapter verse the sizes of these beads. The error bars indicate the 
standard error of the mean of three sample replicates. 

  

The results in Figure 2.7 shows that the alginate gel beads produced using the conventional 

dripping method described in this chapter had an undesirable wide size distribution range 

(1.6-2.4). Similar observations in term of producing polydisperse alginate beads have also 

been reported in the literature (242,276,277). One of the studies that were carried out by 

Ranganath and colleagues involved the encapsulation of PLGA-paclitaxel in alginate beads 

using two different dripping approaches: manual and electrospray dripping. The manual 
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dripping approach they adopted generated polydisperse and non-spherical beads. These 

characteristics were later improved using the electrospraying dipping method, which led to 

the production of alginate beads containing PLGA-paclitaxel. The size of the bead 

produced using this method is too large for any application and therefore using 

microfluidic chips is guaranteed to decrease the size.  
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 The speed of alginate beads dissolution at three different concentrations of sodium 2.4.4

citrate at two distinct temperatures.  

The use of sodium citrate buffer to dissolve alginate gel beads has been reported in 

numerous papers (278-280). Excess exposure of calcium alginate gel beads to sodium 

citrate causes decrosslinks within calcium alginate gels, which is due to the chelation of 

calcium. As a result weaker and less stable alginate gels are formed, or if the concentration 

of the sodium citrate is significant enough, the alginate gels can be dissolved (279). The 

experiments described in this section were carried out to determine how quickly alginate 

gel beads dissolve in three different sodium citrate volumes (50 μM, 100 μM and 200 μM) 

at two different temperatures (room temperature (25oC) and 37oC). The results are 

summarized in Figure 2.8 below.  

 

Figure 2.8: Effect of temperature on alginate beads dissolution in varying concentration of sodium citrate. The 
error bars indicate the standard error of the mean of three sample replicates. 
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The speed at which the alginate gel beads were dissolved at room temperature (25oC) 

increased with an increase in the concentration of sodium citrate. In other words, the time 

required to dissolve the alginate gel beads incubated in 50 μM or100 μM sodium citrate 

increased when the temperature was raised to 37oC, but decreased when they were 

incubated in 200 μM. Remarkably to our knowledge there are no other studies that reported 

the time needed to dissolve alginate beads at the aforementioned concentrations of sodium 

citrate and at two distinct temperatures. Hence, following on from this investigation, it was 

vital to study the effect of increasing the concentration of sodium citrate in the dissolution 

buffer on Jurkat cells, both in terms of viability and cell count.  

  The effect of varying the concentration sodium citrate dissolution buffer on Jurkat 2.4.5

cells 

Jurkat cells were incubated in three different sodium citrate dissolution buffers for 10 

minutes at buffer concentrations 50 µM, 100 µM and 200 µM respectively in order to 

determine the effect of sodium citrate buffer on Jurkat cell growth. Following exposure to 

sodium citrate, the Jurkat cells were then incubated for a period of time spanning from 0 to 

48 hours. The results are presented in Figures 2.9(a) (incubation time of 0 to 60 minutes) 

and Figure 2.8(b) (incubation time of 8 to 48 hours) respectively. 
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Figure 2.9: Effect of varying  sodium citrate buffer concentrations of 200 µM, 100 µM and 50 µM on Jurkat cell 
growth for up to: (a) 60 minutes and (b) 48 hours. The error bars indicate the standard error of the mean of three 
sample replicates. 

Figure 2.9(a) shows the effect of varying concentrations of sodium citrate buffer solution 

on Jurkat cell growth and initial finding shows that over 60 minutes there is a linear 

decrease in cell count for buffer concentrations of 100 µM and 200 µM. At 50 µM sodium 

citrate concentration there is no significant change in cell count indicating that this 

concentration does not affect cells incubated in it for 60 minutes. 

(b) 

(a) 
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Figure 2.9(b) shows the effect of varying buffer concentrations on Jurkat cells over 

prolonged incubation of up to 48 hours which would indicate if varying the concentrations 

of sodium citrate buffer has any potential effect not only on cell growth but on cell 

division. In all cases, from 8 hours exposure to 48 hours show an increase in cell counts. 

However, the rate of cell division reduced at higher buffer concentrations of 100 µM and 

200 µM. At sodium citrate concentration of 50 µM the cell count almost doubled for each 

24 hours exposure; showing that at this buffer concentration cell division is not impaired. 

This result is in line with what was observed over shorter exposure of up to 60 minutes 

(Figure 2.9(a)). Based on these results all further experiments with sodium citrate buffer 

were carried out at a concentration of 50 µM. 

 The effect of varying exposure time to 50 µM sodium citrate dissolution buffer on 2.4.6

Jurkat cells  

Jurkat cells were incubated in 50 µM sodium citrate dissolution buffer with different 

incubation times, in order to study the effect of exposure time to sodium citrate dissolution 

buffer solution on cell growth. Exposure time to sodium citrate buffer was varied from 0 to 

10 minutes and for each exposure time, the Jurkat cells were incubated for a period of time 

spanning from 0 to 48 hours. Figure 2.10(a) shows the results obtained when incubating 

Jurkat cells for 60 minutes after being exposed to sodium citrate for various times (up to 10 

minutes).  
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Figure 2.10: The effect of sodium citrate treatment used to dissolve the alginate gel beads on cell counts over a 
period of: (a) 60 minutes and (b) 48 hours. The error bars indicate the standard error of the mean of three sample 
replicates. 

The main finding from Figure 2.10(a) is that the exposure to sodium citrate buffer does not 

have a significant effect on Jurkat cell numbers for up to 60 minutes. This is a very positive 

result and shows as well as confirms the suitability of sodium citrate as a dissolution buffer 

for Jurkat cells. The effect of a prolonged incubation time (48 hours) is presented in Figure 

(b) 

(a) 
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2.10(b). The results obtained from this test showed that there is a significant increase in 

cell count from 8 to 48 hours incubation. Thus these tests showed the suitability of sodium 

citrate as a dissolution buffer at a concentration of 50 µM. 

 The effect of 50 µM sodium citrate dissolution buffer on cell viability  2.4.7

Jurkat cells were incubated in sodium citrate dissolution buffer with different incubation 

times (0 to 48 hours), in order to study the effect of the dissolution buffer on % cell 

viability.  

 

Figure 2.11: The effect of 50 µM sodium citrate treatment used to dissolve the calcium alginate gel beads on 
percentage cell viability over a period of 48 hours. Each point on the scattered plot represents an average of three 
experiments that were carried out on different days. Bars indicate the error; when they are not visible the error 
bar is smaller than the symbol used. 

Figure 2.11 shows the effect of exposing Jurkat cells to varying times (2 to 10 minutes) to 

50 µM sodium citrate and incubating over 48 hours. The results obtained are in agreement 

to those presented in Figure 2.9 and 2.10 (Cell growth) and shows that almost 100% 

(percentage viabilities range between 99.99% - 100%) of cells were viable over the 48 

hours incubation showing the suitability of this buffer concentration. 
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In summary, the experiments conducted in sections 2.5.5- 2.4.7 clearly showed that neither 

cell growth nor the cell viability was affected significantly by 50 µM sodium citrate 

treatment. Hence, the sodium citrate buffer was used to dissolve encapsulated cells when 

needed.  

In summary, these findings indicate that a high concentration of sodium is toxic to living 

cells. Similar conclusions have been reported in the literature. Garland et al. investigated a 

number of calcium and sodium compounds at different concentrations, including sodium 

citrate (281). Another study reported by Scaglia and colleagues, 10 mM sodium citrate had 

minimal effect on mock-transfected control cells (282).  
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 Cell growth in alginate gel beads 2.4.8

Jurkat cells were encapsulated in alginate gel beads, and were incubated in complete RPMI 

media at 37C and in a 5% CO2 atmospheric environment. The encapsulated cells were 

removed from calcium alginate beads using sodium citrate buffer at four different time 

points to study the rate of encapsulated cell growth over a period of 7 days. Figure 2.12 

summarises the average cell counts of three different encapsulated Jurkat cells beads over 

7 days. These experiments were carried out three times to validate the results alongside 

with a control (Jurkat cells in complete RPMI-140 media on tissue culture plastic). 

 

Figure 2.12: Jurkat cells encapsulation in alginate gel beads studied over 7 days compared to a control test. The 

control is a cell count of Jurkat cells in complete RPMI-1640 media on TCP. 

Figure 2.12 shows the results obtained on Jurkat cells encapsulated in alginate beads and 

cell counts measured for a period of 7 days. This was compared to a control test in which 

Jurkat cells were not encapsulated (a standard cell culture method). Initial encapsulation on 

day 1 shows that there is a significant decrease in the cell count which could be attributed 

to cell damage. As the number of incubation days increased, the encapsulated cell count 

also increased with a significant increase observed on day 7. This could have been due to 
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the cells recovering from the initial cell damage of the encapsulation process and that the 

Jurkat cells started to divide. However, compared to the control, encapsulated Jurkat cells 

grew at a slower rate. 

The standard control test in this investigation was chosen despite the different dimensions, 

as it is difficult to produce a growth control test in a 3D environment, in addition 2D 

cultures have been used a as a gold standard reference for decades (283). Moreover similar 

comparisons (growth of cells in 2D cultures verses 3D cultures) have also been reported by 

numerous research groups (283,284). Wang and colleagues  carried out an investigation on 

the use of alginate beads as a means to support the differentiation of embryonic stem cells 

into insulin producing cells (284). This study provided a direct comparison between the 

viability of cells in 2D cultures and 3D cultures. In another published study, Shih et al. 

conducted a series of studies were carried out to investigate to viability of HepG2 liver 

cells encapsulated in two different alginate based hydrogels. The viability tests were 

compared whenever possible to a standard 2D control (283). 
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 Conclusion 2.5

Alginate is a polysaccharide used to fabricate 3D scaffolds for cell encapsulation. Alginate 

has gained interest by many researchers due to the many advantages it has to offer 

including biocompatibility, reproducibility, ability to form gels, low toxicity levels, easy to 

handle and store in addition to being relatively inexpensive.  

This chapter focuses on determining the effect of formulation used to produce and degrade 

the alginate gel beads on cell growth and viability. The alginate chains were cross-linked 

with 10% CaCl2 to causing the gelation of the sodium alginate droplets, and in turn 

producing calcium alginate gel beads. The cells were mixed with sodium alginate solution 

prior to crosslinking with 10% CaCl2 allowing cell encapsulation. The effect of 10% CaCl2 

on cell growth and percentage cell viability was determined. The results showed that 10% 

CaCl2 had a significant effect on cell growth and viability, since cell division (controls 

doubled) did not occur after 24 hours and they only increased by 50% after 48 hours. This 

solution was used to solidify the alginate beads in further studies. Furthermore, it was 

observed that by using the dripping method described in this chapter, the alginate gel beads 

were highly dispersed and large. In addition a huge amount of cells per Jurkat cells were 

encapsulated in each alginate gel bead. 

The alginate gel beads were dissolved in a subsequent set of experiments using a sodium 

citrate buffer at three different concentrations to release the encapsulated cells. Sodium 

citrate buffer concentrations of 50 µM, 100 µM and 200 µM were investigated to 

determine the optimum buffer concentration that has minimum impact on cell numbers, 

growth and cell division over period of time spanning from 0 to 48 hours. Both at the short 

incubation time (less than 60 minutes) and prolonged incubation time (up to 48 hours), the 

use of 50 µM sodium citrate was sufficient enough to dissolve the alginate gel beads. 

Further tests at this concentration revealed a high percentage of cell viability (percentage 
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viability being between 99.9%-100%). The effect of temperature on alginate beads 

dissolution was also investigated and the findings showed that alginate gel beads dissolved 

faster in 200µM sodium citrate at 37oC. However, the cell count decreased when the 

alginate gel beads were dissolved using this high concentration of sodium citrate. The same 

negative effect was observed when the gel beads were dissolved in 100µM sodium citrate. 

Hence, it was decided that 50µM sodium citrate was used in later experiments to dissolve 

the alginate gel beads at room temperature (25oC). 

In summary, the dripping method described in this chapter resulted in the formation of 

polydisperse huge beads. Therefore in order to overcome this drawback further 

optimisation towards encapsulating cells in small monodisperse beads was needed. The 

two following chapters describe two novel approaches to encapsulate cells in small 

alginate microbeads with a narrow size distribution.   
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3 Chapter THREE                                                       

Methodology and Preliminary Microfluidic Study 

 Introduction 3.1

The growing interest in microfluidic technology for numerous applications is attributed to 

its desirable features, such as reducing the amount of consumables (samples, reagents,  

etc.), time and costs (285,286).  

The work carried out in this chapter described the encapsulation of Jurkat cells in alginate 

gel microbeads using a simple microfluidic setup driven be gravity. The microfluidic chip 

that was used in this setup was fabricated by a moulding method carried out by Dr Stephan 

Mohr and the material used was PMMA. PMMA is transparent (287), which makes it 

easier to visualise the calcium alginate gel microbeads in the microchannels. Moreover, 

PMMA is biocompatible, inexpensive and is easy to machine in comparison to other 

substrates such as glass and silicon, fabricate and mould (188,287,288). By adapting this 

approach, Jurkat cells have been successfully encapsulated in alginate gel microbeads 

using a microfluidic chip, which consisted of two flow focusing junctions, characterised 

with pinched segments and rectangular cross section. Furthermore, this microfluidic 

approach allows the fluids (sample, oil and acidified oil) to flow through a continuous and 

laminar regime, which eases the injection of fluids into the microfluidic chip. Moreover 

surface tension developed at the flow focusing junctions, which in combination with 

external shearing initiated by the carrier oil, contributed towards the pinch-off of spherical 

alginate microdroplets at the first junction and spherical calcium alginate microbeads at the 

second junction.  

This microfluidic approach allowed the production of calcium alginate gel microbeads 

containing Jurkat cells. Similar microfluidic approaches in terms of using flow focusing 

junctions to facilitate the formation of microdroplets have been reported in the literature 
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(289,290). Furthermore, the results obtained demonstrated the ability to use the gravity-

based microfluidic approach described in this chapter for the successful production of 

alginate gel microbeads containing Jurkat cells.   
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 Materials, instrumentation and methodologies 3.2

The materials used to culture and encapsulate cells described in this chapter were similar to 

that described in the previous chapter (Chapter 2), with a few exceptions. Firstly the 

calcium source was substituted with nano precipitated calcium carbonate (NPPC). 

Secondly ionic crosslinking of the calcium alginate occurred as a result of being in contact 

with a low concentration of glacial acetic acid. Finally, other materials were needed to 

construct the microfluidic setup and encapsulate Jurkat cell in calcium gel microbeads 

using microfluidics, these materials are listed in Table 3.1. 

Table 3.1: summarises the materials used for the initial setup to encapsulate cells in alginate gel beads. 

Reagents and materials Purity, 

concentration 

or model 

Product code 

Supplier 

BD luer-lok sterile 1 mL syringe 

(disposable)  

NA 309628 Interfax Acuflow 

Ltd. 

BD luer-lok sterile 10 mL syringe 

(disposable) 

NA 300912 Interfax Acuflow 

Ltd. 

Uninsulated Bootlace ferrules, 

diameter: 1.2 mm  

NA 2509492988 RS Components 

Ltd, Corby. 

Camera  LU165M Lumenera Co. 

Ottawa, Canada 

Computers × 2 NA NA Dell 

Navitar light source NA  Navitar Inc., 

Rochester, NY, 

USA 
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Microbore 

polytetrafluoroethylene PTFE 

Tubing, 0.012"ID x 0.030"OD, 

100 ft/roll OU-06417-11  

NA EW-06417-11 Cole-Parmer 

Instrument Co. 

Ltd 

Nano participated Calcium 

Carbonate 

  China Daysun 

Fireworks & 

Trading Co., 

LTD, China. 

Polymethyl methacrylate (2 mm 

sheet of) 

NA  Bayplastics 

Transparent self-adhesive 

polyester +laminate (100 µm 

thick) 

NA  Bayplastics 

Vegetable oil 100% NA Sainsburys  

Polyvinylchloride tubing NA  Portex 

CAD package (Inventor Autodesk 

software (v 10.00)) 

  
Autodesk Inc 

Datron CAT3D milling machine   Datron CAT3D. 
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 Instrumentation 3.2.1

3.2.1.1 Microfluidic setup for the production of alginate gel micro-beads 

The microfluidic setup used to produce alginate gel microbeads in this chapter is shown in 

Figure 3.1. This setup consisted of a clamp that held three syringes containing the fluids 

(carrier oil, acidified oil and samples containing cells) in upright (vertical) positions, which 

were attached to the microfluidic tubing to allow the fluids to travel through the syringes 

and into the microfluidic chip. Moreover, the fluids travelling through the tubes were 

controlled using valves.  

A few aspects needed to be considered when constructing the microfluidic setup to 

produce alginate gel microbeads containing Jurkat cells, including:   

 The fluid injection method: fluids were injected into the microfluidic chip by 

gravity. 

 The microfluidic chip: The PMMA microfluidic chip was fabricated with three 

connections to allow for internal gelation of alginate gel microbeads.  

 Acidified oil: Tests were also carried out on the acidified oil to determine the 

lowest concentration of glacial acetic acid needed to gelify the alginate gel 

microbeads containing Jurkat cells. 
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Figure 3.1: A schematic diagram of the microfluidic setup used for producing alginate gel microbeads using 
gravity for fluid injection. 1: Acidified oil, 2: carrier oil, 3: valve, 4: microfluidic tubing, 5: sample containing 
alginate solution and Jurkat cells, 6: light source, 7: microfluidic chip and 8: Camera. 

 

3.2.1.2 Microfluidic device and fabrication 

A microfluidic device (chip) PMMA MC1 was fabricated from PMMA to encapsulate 

Jurkat cells in calcium alginate gel microbead. Schematic diagrams and a digital image of 

the chip used to encapsulate Jurkat cells are shown in Figure 3.2 and Figure 3.3 

respectively. PMMA MC1 consisted of a sample inlet and two laminar flow inlets for the 

carrier and acidified oils, which flowed together into the main microchannel of the chip. In 

addition, two pinch flow junctions were incorporated to produce calcium alginate gel 

microbeads containing Jurkat cells and to allow the acidified oil to feed into the mixing 

area of the chip respectively. Upon contact with the glacial acetic acid (GAA), the alginate 

gel microbeads underwent gelification, and the Jurkat cells were encapsulated 

stochastically (at random distribution) (291).  The carrier oil, from its name, was used as a 

carrying medium that surrounds the microbeads in the microfluidic chip. The size of the 

microbeads formed depended on the carrier oil and sample flow rates applied through the 

microchannels of the chip (292).   
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Figure 3.2: (a) A schematic diagram of PMMA MC1 fabricated to produce calcium gel alginate microbeads containing Jurkat cells. The crucial features within the chip were 

numbered as follows: 1: acidified oil inlet, 2: carrier oil inlet, 3: sample inlet, 4: microbead production area, 5: acidified oil feed, 6: mixing area and 7: outlet. (b) An amplified region 

of the PMMA MC1 showing the pinch flow junctions. 
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PMMA MC1 was made using a 2mm sheet of polymethyl methacrylate and was sealed 

with a 100 µm thick self-adhesive polyester laminate, which was transparent to allow 

channels to be visualised and monitored when the alginate gel micro-beads were forming 

and solidifying. The microfluidic chip was deep cleansed prior to applying the seal, using 

deionised water and was subsequently dried in an oven at 40oC for 30 minutes, in order to 

allow the water to evaporate. The seal was then applied smoothly to prevent trapping 

bubbles between the sealant and the microfluidic chip. A digital image of this chip was 

taken and is shown in Figure 3.3. 

 

Figure 3.3: Microfluidic chip (PMMA MC1) that was used to encapsulate Jurkat cells in calcium alginate gel 
microbeads. 
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3.2.1.3 Fluid injection 

The fluids (oil, acidified oil and samples) were injected into the microfluidic setup by 

gravity to encapsulate Jurkat cells in calcium alginate gel microbeads. This approach was 

adapted from previous work carried out by Dr. M P Carreas Romeo in collaboration with 

Dr. Stephan Mohr and Dr. Louise Carney. The oils were introduced into two 10 mL sterile 

disposable luer-lok syringes and the samples were introduced into a 1 mL sterile 

disposable luer-lok syringe. These three syringes were fixed to a clamp and were 

connected to the chip using PVC tubing. The tubing was tied to the syringes and chip using 

a cable tie and epoxy glue respectively, allowing the oils and samples to flow through to 

the chip.  

Calcium alginate gel micro-beads containing Jurkat cells were produced on-chip once the 

acidified oil came in contact with the sample containing nano-precipitated calcium 

carbonate. To encapsulate the cells effectively, connections were placed above the chip to 

allow the natural flow of fluids (oils and samples) with gravity. The syringes containing 

the fluids were adjusted as close as possible to the microfluidic chip, in order to minimise 

the distance travelled by the samples in the tubing. Thus the tip of the syringe containing 

the samples (alginate/ cell solution) was 22 cm above the chip and the tips of the syringes 

containing the oils were 44 cm above the chip. By-pass connectors were used to control the 

release of the samples and oils. When the samples were ready to be injected, the carrier by-

pass oil connector was closed and the sample connector was opened, allowing the sample 

and oils to be injected into the chip and producing alginate gel micro-beads containing 

cells. These microbeads were then collected in a 24 well plate.  

3.2.1.4 Connections and tubing  

The chips were connected to the syringes using polytetrafluoroethylene (PTFE) Tubing 

(0.012"ID x 0.030"OD). The connectors (bootlace ferrules) were attached to the chips 
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manually and bonded together using epoxy glue and they were left to cure overnight. The 

syringes were attached by connecting the PTFE tubing to a small piece of PVC tubing and 

then to a luer lock adapter. The small tubing was further secured with some epoxy and 

cable ties to prevent any leakages once high pressures of samples and oils passed through 

the tubes to the chip. 

3.2.1.5 Camera 

The microfluidic setup described in this chapter was coupled to a Lumenera monochrome 

camera (Lumenera Co. Ottawa, Canada) to detect the formation of the alginate gel micro-

beads and to take images simultaneously. The digital video resolution was adjusted to 

800×600 pixels as it captured sharper images of the micro-beads in the microchannels of 

the microfluidic chips. The Lu-cam software used for taking images and video snaps was 

provided with the Lumenera camera, and the camera was controlled by a program, which 

was written in house by Dr. Bernard Treves Brown using National Instruments LabVIEW 

software. 

 Methodology  3.2.2

3.2.2.1 Acidified oil preparation  

Acidified oil was used to gelify the alginate gel micro-beads. The acidified oil was made 

up initially by mixing 1 mL of 99.8% glacial acetic acid with 50 mL of vegetable oil 

(Sainsbury, UK) in a universal centrifuge tube.  

3.2.2.2 Alginate solution preparation 

The alginate solution (1.1% w/w) was then made up by adding 0.55 g of sodium alginate to 

47.5 mL of sterile PBS and 2.5 mL gelatine (2% w/v) as described in Chapter 2. This was 

followed by the addition of 0.2 g nano-precipitated calcium carbonate (NPCC) to 15 mL of 

alginate solution 1.1% (w/v). The alginate solution containing NPCC solution was then 
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subjected to sonication overnight at room temperature, in order to allow the solution to 

become as homogenous as possible. 

3.2.2.3 The process of encapsulating cells in calcium alginate gel microbeads 

Attempts to generate monodisperse and spherical alginate gel microbeads containing Jurkat 

cells were carried out using the microfluidic setup shown in Figure 3.1. The sample 

(sodium alginate/ nano- precipitated calcium carbonate and cells), oil containing glacial 

acetic acid (acidified oil) and vegetable oil (carrier oil) were then introduced into the 

relevant syringes (sample in the 1ml syringe and oils in the two 10 mL syringes). These 

syringes were held in upright positions as shown in Figure 3.1, to allow the fluids (oils and 

samples) to travel through the microchannels of the microfluidic chip by gravity. The 

syringes were fixed at suitable heights in comparison to the microfluidic chip and were 

opened to allow the fluids to flow through the connected tubes and into the microchannels 

of the chip. The height of the syringe containing the sample (cells and sodium alginate 

solution) was positioned 22 cm above the microfluidic chip, and the syringes containing 

the samples were placed 44 cm above the chip, since these were found to be the most 

suitable heights for the successful production of spherical calcium alginate gel microbeads 

containing cells.  

Prior to loading the sample into the relevant syringe, Jurkat cells were subcultured as 

described in chapter 2, section 2.3.1 and the cell pellet (with a density of 6.3 × 105) was 

resuspended in 1 mL of 1.1% alginate solution containing nano-precipitated calcium 

carbonate. Calcium alginate gel microbeads were produced using vegetable oil and 

acidified vegetable oil as two distinct organic phases and the sample (1.1% (w/w) sodium 

alginate containing NPCC and Jurkat cells in sterile PBS) as the aqueous phase. The 

acidified oil inlet was loaded into the first inlet of the organic phase, the vegetable oil 

(carrier oil) was loaded into the second inlet of the continuous phase, and the aqueous 
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sample was loaded into the third inlet Figure 3.2. The acidified oil inlet was closed initially 

in order to minimise blockages in the microchannels of the chip, and remained closed until 

the production of sodium alginate droplets became as consistent as possible. Moreover, the 

other two syringes containing the sample and carrier oil were adjusted to produce 

microbeads at a steady rate. Once a regular frequency of alginate microdroplets was 

observed, the acidified oil inlet was then opened, which caused a reduction in pH and in 

turn liberated the calcium ions, which enabled the instant gelation of calcium alginate 

microbeads containing cells on-chip.  

Snapshots from videos taken showing the production and solidification of alginate micro-

beads were taken using the Lumenera camera. In order to improve imaging, a white sheet 

of paper was attached 2 cm away from the bottom of the microfluidic chip. Snapshots 

showing calcium alginate gel microbeads containing Jurkat cells, which were produced 

using this microfluidic system, is shown in the following section Figures 3.4 and 3.5. 
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 Results and discussion 3.3

Calcium alginate gel microbeads containing Jurkat cells (Figure 3.4 and 3.5) were 

successfully produced using the microfluidic setup and internal gelation method described 

in this chapter. The production of alginate gel microbeads was monitored and digital 

images were taken using a Lumenera monochrome camera that was attached to the 

microfluidic setup. The alginate gel microbeads were polydisperse with a size distribution 

ranging from (70- 400 µm) and had different shapes. The polydispersity of the beads 

produced using this cell encapsulation method was possibly due to droplets merging 

(coalescence) (293,294). The occurrence of microdroplet fusion/merging is not necessarily 

a result of two microdroplets colliding. A study carried out by Bremond and colleagues 

revealed that the coalescence of microdroplets is a result of the closely spaced separation 

between the microdroplets in the separation process (293). Another study showed that for 

coalescence to occur, the continuous phase needs to dry out bringing the droplets in close 

proximity for a critical amount of time. Fusions of the microdroplets take place as result of 

variations in the surface tension of the microdroplet surfaces, which disturbs the interface 

between both the two phases (oil and water). Many approaches have been investigated to 

overcome undesired coalescence such as the addition of surfactants, which results in the 

reduction of the surface tension between the oil and aqueous phases (294,295). 
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Figure 3.4: Image of encapsulated cells in an alginate gel microbead using gravity.  A: a non-spherical microbead 

containing cells, B: oil, C: a bubble, D: cells and E: a small non- spherical microbead containing cells.   

 

Figure 3.5: (a) and (b) show images of encapsulated Jurkat cells in various sized calcium alginate gel microbeads. 
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A number of challenges emerged that required addressing despite the successful 

encapsulation of Jurkat cells in calcium alginate gel microbeads using the microfluidic 

setup described in this chapter. For instance the PTFE tubing and microchannels clogged 

up quite easily since gelation occurred on chip with limited the use of high pressures 

passing though the microfluidic channels. Applying high pressures though the channels 

caused the disassembly of the polyester laminate sealant, which in turn also impacted the 

size of the alginate gel microbeads (292). Importantly, the number of times that the 

polyester laminate sealant could be replaced was also limited, because replacing the 

process of re-laminating the microfluidic chip damaged the microchannels. Furthermore it 

has been reported in the literature that the use of adhesives to seal the microfluidic chip has 

inherent drawbacks, such as: clogging up the microchannels (296), cross contamination, 

microchannel deformation (297). Moreover, the flow rates of the fluids flowing through 

the microfluidic setup were not measured, as it was difficult to obtain these measurements. 

Furthermore polydisperse and non-spherical alginate microbeads were produced as seen in 

Figures 3.5 and 3.6.     
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 Conclusion 3.4

The microfluidic setup described in this chapter was driven by gravity forces, allowing 

samples and oils to flow through the microfluidic chip, producing alginate gel micro-beads 

containing Jurkat cells. These microbeads appeared to be polydisperse and varied in shape. 

Based on these observations, a number of areas that needed improving were identified, and 

are summarised as follows: 

- Use of syringe pumps instead of gravity to drive the fluids through the microfluidic 

setup, which in turn has a direct impact on controlling the pressures applied and the 

sizes of the microbeads. 

- Optimisation of the microfluidic chip design allowing for a comparison between 

external and internal solidification to occur and compare the direct impact on cell 

viability upon encapsulation. 

- Exploring another material that can be used to fabricate a more robust chip. 

These improvements are needed since one of the aims of this project was to construct a 

reliable microfluidic setup that can be used to encapsulate live cells. The microfluidic setup 

described in this chapter was useful for conducting initial studies; however, the 

improvements listed were vital for further investigations carried out on cell encapsulation.  

The next Chapter (Chapter 4) details the optimised microfluidic setup and alginate solution 

used to encapsulate live cells in uniform sized and shaped alginate gel-microbeads. In 

addition, Chapter 4 includes investigations that were carried out to determine the most 

suitable chip to encapsulate live cells that survived for at least 24 hours.   
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4 Chapter FOUR      Optimisation of Microfluidic Setup 

 Introduction 4.1

The main aim of the work carried out in this Thesis was to study cell viability in a three 

dimensional culture medium (alginate gel microbeads), which were produced using a novel 

microfluidic setup. This setup was attached to two syringe pumps, enabling the fluids to be 

driven through three different microfluidic chip designs (described in section 4.2.2) in 

order to produce uniform shape and monodisperse alginate beads containing Jurkat cells 

and to minimise the exposure of cells to glacial acetic acid. Cross-linking alginate to 

produce microbeads can be achieved by internal (on chip) or external gelation (off chip by 

dripping sodium alginate droplets into acidified oil in a beaker) methods depending on the 

design of the chip (7,8). Two of the chips described in this chapter consisted of three inlets 

(oil, acidified oil and sample) to allow for internal gelation to occur and one chip consisted 

of only two inlets (oil and sample) so that external gelation occurs. The reason behind the 

use of different chip designs and materials described in this chapter was to identify the 

optimum setup for producing alginate gel microbeads containing cells.  

The main findings in this Chapter revealed that internal solidification of alginate gel 

microbeads was favoured over external solidification of these microbeads for several 

reasons including: the formation of uniform size and homogenous alginate microbeads 

containing live cells (185), the sizes and shapes of microbeads containing cells were 

reproducible and easy to control as they depended on the pressures applied when using the 

syringe pumps. In addition single cell encapsulation was achieved as desired, since single 

cell encapsulation has positive potentials in biological applications (such as DNA 

sequencing (18) and cell signalling studies (16)) and medical applications (such as diabetes 
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(17,19) and hepatic diseases (17,20)). These findings were supported by live imaging 

conducted using sophisticated microscopy technology. 

  



150 
 

 Materials, instrumentation and methodologies 4.2

The materials and reagents used to culture and encapsulate Jurkat cells described in this 

chapter are similar to those used in the two previous chapters (Chapter 2 and 3), with the 

exception of some materials and reagents, which are listed in Table 4.1. 

Table 2.1: The materials used for cell encapsulation in calcium alginate gel microbeads. 

   

  

Reagents and materials Purity, 

concentration 

or model 

Product code Supplier 

Calcein-AM solution 4 mM in 

DMSO 

solution 

C1359 Sigma-Aldrich, 

Dorset, UK. 

Fusion 400 Touch infusion 

syringe pump 

NA NA KR Analytical Ltd, 

Sandbach, UK. 

Harvard ‘33’ twin syringe pump NA NA Harvard apparatus, 

Pennsylvania, US .  

Iwaki dish NA P35G-1.5-14-C MatTek 

Corporation, 

Ashland, US.  

Propidium iodide (PI) 1.0 mg/ml in 

water 

P4864 Sigma-Aldrich, 

Dorset, UK. 

Polycarbonate sheets   Bay Plastics Ltd 
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 Optimization of the microfluidic setup 4.2.1

The microfluidic setup described in the previous Chapter (Chapter Three) was optimised to 

solve the problems encountered when encapsulating cells in calcium alginate gel 

microbeads. The main difference in this setup was that fluids (carrier oil, acidified oil and 

samples containing cells) were driven through the microfluidic chips by syringe pumps 

instead of gravity forces.  Moreover, the microfluidic chip fabricated for encapsulating 

cells in alginate microbeads was also modified to produce the desired microbeads with 

sizes ranging from 100- 150 µm. The optimisation of this microfluidic setup (Figure 4.1) 

included alterations to the following components: 

 The microfluidic chip.  

 Fluids (carrier oil, acidified oil and samples containing cells) were injected into the 

microfluidic chip by syringe pumps rather than gravity forces. 

 The alginate solution was sequentially modified to enhance cell survival. 

 

Figure 4.1: Schematic of the microfluidic setup used for encapsulating Jurkat cells in alginate gel microbeads 
using syringe pumps. 1: Harvard ‘33’ twin syringe pump, 2: Fusion 400 Touch infusion syringe pump, 3: acidified 
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oil, 4: vegetable oil 5: microfluidic tubing, 6: sample containing alginate solution and Jurkat cells, 7: light source, 
8: microfluidic chip and 9: camera. 
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 Microfluidic devices and fabrication 4.2.2

Three microfluidic chips, PMMA MC1, PMMA MC2 and PC MC3 were fabricated to 

determine the most suitable design and material needed to obtain encapsulated live cells in 

calcium alginate gel microbeads. The materials used to make the microfluidic devices 

(chips) described in this chapter were either polymethyl (PMMA) or polycarbonate (PC). 

PTFE tubing was used to connect the syringes (containing the fluids) from one end and to 

the microfluidic chip on the other end.  

Furthermore, the self-adhesive laminate foil mentioned previously in Chapter Three was 

used to seal the first two microfluidic chips. On the other hand, the PC MC3 chip was 

sealed together using screws. The chips were cleaned with deionized water thoroughly 

prior to sealing, and were then left to dry in an incubator for 30 minutes at 40oC to allow 

the water to evaporate. The seals of the first two chips were then applied by hand gently to 

prevent bubbles from forming between the chips and the seals. Once the chips were 

connected to the systems, water was injected into the systems instead of the alginate/cell 

samples and oils to ensure that the microfluidic chips worked effectively and that there 

were no leakages in the chips/ systems. Figure 4.2 is a diagrammatic comparison between 

the three microfluidic chips used in the experimental work carried out in this chapter. 
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Figure 4.2: Schematic diagrams of the microfluidic chips used to encapsulate Jurkat cells in calcium alginate gel 
microbeads, where (a) is PMMA MC1, (b) is PMMA MC2 and (c) is PC MC3. The features within the chip were 
numbered as follows: 1: acidified oil inlet, 2: carrier oil inlet, 3: sample inlet, 4: microbead production area, 5: 
acidified oil feed, 6: mixing area, 7: outlet and 8: a tube for gelification. 

 

4.2.2.1 PMMA MC1 

PMMA MC1 was the first microfluidic chip fabricated to produce alginate gel microbeads 

containing Jurkat cells. As seen in the schematic diagram (Figure 4.3), sodium alginate 

microdroplets containing nano-precipitated calcium carbonate were formed at the first 

pinched flow focusing junction. For cell encapsulation, Jurkat cells are added to the 

sodium alginate solution prior to being introduced to the microfluidic chip. Another 

pinched focusing junction was placed down-stream of the first pinched flow focusing 

junction to introduce the acidified oil into the microfluidic chip, allowing a stream of 

acidified oil to merge with the main stream (containing the calcium alginate 

microdroplets). This caused a reduction in pH and in turn calcium ions are released, which 

then reacts with the sodium alginate microdroplets, causing the formation of calcium 

alginate gel microbeads containing Jurkat cells down-stream. Nevertheless, as discussed in 

section 4.3, further improvements were required to form the desired calcium alginate gel 

microbeads and to prevent the microfluidic channels from clogging due to build up in 

alginate and cell derbies. This led to the fabrication of a second microfluidic chip (PMMA 

MC2), as described in the following section. 
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Figure 4.3: A schematic diagram of PMMA MC1 used for the production of alginate gel microbeads containing 
cells. 1: carrier oil (vegetable oil), 2: acidified oil, 3: sample (sodium alginate solution containing nano-precipitated 
calcium carbonate and Jurkat cells), 4: 1st pinched flow focusing junction, 5 is the 2nd pinched focusing junction, 6: 
mixing area and 7: calcium alginate microdroplet undergoing gelation.   

 

4.2.2.2 PMMA MC2 

The design of PMMA MC1 was modified to allow for external gelation of the calcium 

alginate gel microbeads. This modification (PMMA MC2) as shown in Figure 4.2 entailed 

the removal of the acidified oil microchannel and the removal of the second pinch flow 

focusing junctions. The non-gelified microdroplets were then dropped into a sterile well 

containing 1 ml of acidified oil to allow for external gelation to take place. A schematic 

diagram showing the design of PMMA MC2 is shown in Figure 4.4(a), and a magnified 

section of the pinched flow junction is shown in Figure 4.4(b).  
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Figure 4.4: A schematic diagram of PMMA MC2, a major component of the optimised microfluidic setup. PMMA 
MC2 was fabricated to encapsulate Jurkat cells in calcium alginate gel microbeads using an external gelation 
method. The crucial features within the chip were numbered as follows: 1: carrier oil inlet, 2: sample, 3: 
microdroplet production area, 4: mixing area and 5: outlet. (b) Magnified section of PMMA showing the pinch 
flow junction. 

As seen in the schematic diagram (Figure 4.5), sodium alginate microdroplets containing 

nano-precipitated calcium carbonate were formed externally in an acidified oil bath. For 

cell encapsulation, Jurkat cells were added to the sodium alginate solution prior to being 

introduced to the microfluidic chip. The pinched focusing junction was designed to 

produce the sodium alginate microdroplets containing Jurkat cells, which then merge into 

the main oil stream. The resultant sodium alginate microdroplets were then dropped into an 

acidified oil bath, which caused a reduction in pH and in turn calcium ions are released, 

which then reacts with the sodium alginate microdroplets, causing the formation of 

calcium alginate gel microbeads containing Jurkat cells. 

 



157 
 

 

 

 

Figure 4.5: A schematic diagram of PMMA MC2 used for the production of alginate gel microbeads containing 
cells. 1: carrier oil (vegetable oil), 2: sample (sodium alginate solution containing Jurkat cells), 3: pinched flow 
focusing junction, 4: mixing area, 5: sodium alginate microdroplets, 6: calcium alginate microdroplet undergoing 
gelation and 7: an acidified oil bath.   

The reason behind modifying the chip design of PMMA MC1 was in an attempt to 

minimise the exposure time of the alginate gel microbeads to the acidified oil, in addition 

to reducing the chances of clogging up the microchannels with clumps of calcium alginate 

gels and cell debris. This approach led to the successful encapsulation of some Jurkat cells 

in monodisperse and spherical calcium alginate gel microbeads and other Jurkat cells in 

merged (coalesced) calcium alginate gel microbeads. However, as shown in 4.3, the 

encapsulated Jurkat cells died and therefore, there was a need to optimise the design of 

microfluidic chip.  

4.2.2.3 PC MC3 

Jurkat cells were successfully encapsulated in calcium alginate gel microbeads using 

PMMA MC1 and PMMA MC2, however, there still remained flaws with the microfluidic 

chip design. The sealant peeled off quite often and easily due to two main reasons: the 

greasiness of the oils pumped through the chip and the relatively high pressures that were 

applied to inject the sample and oils through the microfluidic setup. Another challenge 

1 2 

3 

4 

5 

6 

7 



158 
 

associated with PMMA MC2 was that occasionally, as anticipated, calcium alginate gels 

accumulated in the channels causing the channels to clog up. The best way to remove the 

unwanted alginate was to remove the sealant from the chip and replace it with a new one. 

This solution was not ideal because it is laborious, time consuming, requires materials, 

funds and produces unnecessary waste. For these reasons the chip was modified to ensure 

robustness of the chip and reproducibility in terms of the size and shapes of alginate gel 

microbeads. Therefore, a third microfluidic chip (PC MC3) was fabricated.  

The novelty of PC MC3 was the way it was designed for the purpose of encapsulating cells 

in calcium alginate microbeads using an internal gelation method. PC MC3 (Figure 4.6- 

4.9) was made up from two blocks of 75×75×6 mm polycarbonate sheets held together 

with screws and ferrules. The modification in the design of this microfluidic chip meant 

that relatively high flow rates could be applied through the microfluidic chip without 

causing any damage to the microchannels, and the time fluids spend in the microchannels 

was reduced, which resulted in the production of even smaller alginate gel microbeads 

(with diameters as small as 70 µm).  

The bolted construction of PC MC3 consisted of two T-junctions. The first T-junction was 

machined from the carrier oil inlet (B) to the microfluidic channel (A-C), whereas the 

second T-junction was machined at the acidified oil inlet (C) at a right angle to the plane of 

the chip. Figures 4.7 and 4.8 are schematic representations of how the PC MC3 was bolted 

together.   
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Figure 4.6: Schematic design of the microchannels in PC MC3, which was used to encapsulate cells in alginate gel 
microbeads.  

 

Figure 4.7: Schematic of the third chip (PC MC3) used to encapsulate Jurkat cells in alginate gel microbeads. 

 

 

A: Sample inlet 

B: Carrier oil inlet 

C: Acidified oil inlet 

D: Tube for 
solidification 
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Figure 4.8: Schematic design showing how PC MC3 was screwed together. 

 

As shown in Figure 4.9, sodium alginate microdroplets containing nano-precipitated 

calcium carbonate were formed at the first T-junction of PC MC3. For cell encapsulation, 

Jurkat cells were added to the sodium alginate solution prior to being introduced to the 

microfluidic chip. Another T-junction was placed downstream of the first inlet to introduce 

the acidified oil into the microfluidic chip, which allowed a stream of acidified oil to merge 

with the main stream (containing the calcium alginate microdroplets). This caused a 

reduction in pH and in turn calcium ions were released, which then reacted with the 

sodium alginate microdroplets, causing the formation of calcium alginate gel microbeads 

down-stream. 
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Figure 4.9: A schematic diagram of PC MC3 used for the production of alginate gel microbeads containing cells. 
1: carrier oil (vegetable oil), 2: sample (sodium alginate solution containing nano-precipitated calcium carbonate 
and Jurkat cells), 3: T-junction, 4: sodium alginate microdroplets, 5: T-junction for introduction of acidified oil 
and 6: calcium alginate microdroplet undergoing gelation. 

 

 Fluid injection 4.2.3

The optimised microfluidic setup described in this chapter, and shown in Error! 

Reference source not found., involved injecting fluids (oil, acidified oil and samples) 

through the microfluidic chip using syringe pumps rather than gravity forces. A 1 ml 

disposable luer-lok syringe was connected to a 10A Fusion 400 Touch infusion syringe to 

inject the sample into the chip, and two 10 ml disposable luer-lok syringes were connected 

to a Harvard ‘33’ twin syringe used to inject the carrier oil and acidified oil into the chip.  

 Connections, tubing and camera  4.2.4

The microfluidic chips (PMMA MC1, PMMA MC2 or PC MC3) were tested on different 

occasions to determine the most suitable microfluidic chip, for encapsulating Jurkat cells in 

alginate gel microbeads. The microfluidic chips were connected to the syringes containing 

fluids using PTFE Tubing as described in the previous Chapter (Chapter Three). The same 

Lumenera monochrome camera (LU165M) attached the setup described in the previous 
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chapter was also attached to the optimised setup described in the work carried out in this 

chapter. The camera was used to obtain snapshots and to monitor the formation of calcium 

alginate gel microbeads in the microchannels of the chips. 

 Modification of the alginate solution 4.2.5

The 1.1% alginate solution described in chapter three was modified to enhance 

reproducibility and reduce excess amounts of CaCO3, which in turn reduced the risk of 

clogging up the micro-channels in further investigations. This modification involved 

reducing the amount of CaCO3 powder in the sodium alginate solution from 13.3 mg/ ml to 

7.5 mg/ ml.  

 Cell Imaging   4.2.6

The samples (calcium alginate gel microbeads containing Jurkat cells) were transported 

over a mile of open landscape under ambient conditions. The samples were transported 

across this relatively long distance, since the microfluidic setup and the fluorescence 

microscope used to image the cells were located in two different building at the University 

of Manchester. This journey took approximately 20 minutes. It was predicted that the 

Jurkat cells would still remain viable, since many biological studies (298,299) are carried 

out over the same period of time and even longer, without effecting cell viability.  

The encapsulated Jurkat cells in calcium alginate gel microbeads were stained 24 hours 

after encapsulation with propidium iodide (PI) and calcein acetoxymethyl ester (calcein-

AM) to determine cell viability. Calcein-AM is permeable through cellular membranes and 

is highly lipophilic i.e. it tends to combine or dissolve in lipids or fats (300,301). Calcein-

AM was used in this Chapter to stain viable encapsulated cells green. Although Calcein-

AM is not a fluorescent molecule; intense green signals observed in cells, with excitation 

and emission wavelengths of 490 nm and 515 nm respectively, is a result of the conversion 

of Calcein-AM into calcein, which is caused by intracellular enzymes called esterases. 
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Calcein is retained in intact cells and escapes from cells with damaged membranes; 

meaning that only the viable cells in the calcium alginate microbeads emit a green 

fluorescent signal (300).  

PI, on the other hand, was used to stain nuclei of dead cells (302,303), as this dye cannot 

penetrate membranes of viable cells. PI enters the dead cells and reaches the nuclei via 

disrupted regions within the cellular membranes, and intercalates with the DNA within the 

cells causing the emission of red fluorescence at maximum excitation and emission 

wavelengths of 535 nm and 617 nm respectively (303). Moreover, since both dyes can be 

excited at the same wavelength (490 nm), viable and dead cells can be monitored 

simultaneously using a fluorescence microscope (303).  

The encapsulated Jurkat cells were stained by aliquoting 500 µl of sample (alginate gel 

microbeads containing cells and media) into an Iwaki dish, followed by the addition of 20 

µl of calcein-AM and 0.5 µl of PI. This dish was covered immediately with aluminium foil 

after adding the dyes to the sample, in order to prevent possible photoreactions. 

 Microscope setup 4.2.7

The Iwaki dish containing the encapsulated Jurkat cells was placed on a stage in the 

incubation chamber of the microscope. This chamber was maintained at 37°C, 95% 

humidity and 5% CO2 to allow the encapsulated cells to survive during analysis. The lens 

of the microscope was set to 20 × objective and images of the alginate gel beads containing 

cells were taken with a photon counting CCD camera (Orca II; Hamamatsu Photonics, 

Welwyn Garden City, UK).  
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 Results and discussion  4.3

 Discussion of the effect of fluid flow rates on the size of alginate gel microbead 4.3.1

produced using PC MC3 

The fundamental principle behind the use of T-junctions and flow focusing geometries is 

to produce microdroplets by taking advantage of the instability of the flow rates that is 

caused by interfacial and shear forces. The interfacial force occurs as a result of two phases 

flowing through the microchannels (continuous and dispersed phases) (304). The flow 

rates of the fluids driven through the microfluidic setup were controlled using syringe 

pumps as described in section 4.2.3. A number of different flow rates were tested using PC 

MC3, in order to determine the flow rates needed to produce alginate microbeads with 

desired diameters ranging between 150-200 µm. This range was specifically chosen to 

allow the exchange of nutrients and oxygen (305-307), in addition to reducing the number 

of encapsulated Jurkat cells, and potentially enabling the encapsulation of single cells. The 

ability to encapsulate single cells or small groups of cells is beneficial in cases where 

clinical samples are hard to obtain or when single cell studies are performed 

(17,19,20,308).  

Table 4.2: Flow rates tested to determine the optimum flow rates of the continuous and dispersed phases to 
produce alginate gel microbeads with diameters ranging from 150- 200 mm. 

Continuous phase  
Flow rate µl/min 

Sample flow rate 
µl/min 

Mean average size of alginate 
gel microbeads µm 

2 8 230 
2 16 170 
2 32 200 
6 8 250 
6 16 248 
6 32 130 
  

Numerous approaches to produce alginate gel microbeads have been reported 

(207,216,247,309). The size distribution of these microbeads is quite wide, since there are 

a variety of flow rates and substances used in the formation and gelation processes of 
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alginate gel microbeads. Table 4.3 lists a number of reported flow rates used to produce 

alginate gel microbeads of different sizes. 

Table 4.3: Flow rates of the continuous and dispersed phases that have been reported in literature to produce 
alginate gel microbeads with diameters ranging from 150- 200 mm. 

Continuous phase 
flow rate µl/min 

Dispersed aqueous 
phase flow rate µl/min 
 

Size of microbeads 
µm 

References 

3  
 
240  

4.8  
 
11.2  

30 
 
230 

(207) 

2.7 
 
2.7 
 
3.3 

15 
 
8.3 
 
5 

98.6 
 
150.7 
 
195.7 

(247) 

5 
 
5 

0.7 
 
1.7 

100  
 
140 

Supplementary 
material for 
(247)  

38.3 0.5 190 (309)  

1.67 
 
8.33 

0.83 50 
 
10 

(216) 

0.58 
 
2.9 

0.07 
 
0.07 

91 
 
62 

(310) 

 

From Table 4.2, it was observed that the flow rates (both continuous and dispersed phases) 

have an effect on the size of the alginate gel microbeads. When the flow rate of the 

continuous phase was kept constant (in both cases at 2 µl/min and 6 µl/min) and the 

sample flow rate was varied from 8 to 32 µl/min a general decrease in the size of the 

microbeads was observed. Maintaining a constant continuous phase flow rate of 2 µl/min 

and increasing the dispersed phase flow rate from 8 to 16 µl/min led to a decrease in the 

size of the calcium alginate gel microbead from 230 µm to 170 µm. However further 

increase in the dispersed phase flow rate caused an increase in the size of the calcium 

alginate gel microbeads (increased from 170 to 200 µm). This could possibly be due to 

backflow of the sample and aggregation of cells. When the continuous flow rate was kept 
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at 6 µl/min and the sample flow rates varied from 8 to 32 µl/min, a slight decrease in the 

size of the microbeads was observed (from 250 to 238 µm), suggesting that the effect of 

sample flow rate is limited when operating at higher continuous flow rate. Thus based on 

the result obtained in Table 4.2 an optimum continuous flow rate of 2 µl/min and sample 

flow rate of 16 µl/min were employed throughout the experiments. 

It was aslo noticed that an increase in the flow rate of the continuous phase above this 

threshold resulted in leakages. Similar findings were also reported by Lin et al. (304). 

Different flow rates were tested and are listed in Table 4.3, these flow rate were used as a 

numerous approaches reported in the literatures suggested that to obtain microbeads of a 

desired size (150-200) the continuous phase flow rate should be between 2-5 µl/min (248), 

and a sample flow rate ranging between 5-15 µl/min. 
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 Discussion of calcium alginate gel microbead formation using PC MC3 4.3.2

Once the PC MC3 was fabricated, the carrier oil, aqueous solution (containing alginate, 

nano precipitated calcium carbonate and Jurkat cells) were introduced into the microfluidic 

chip using the internal gelation method described in section 4.2.2. An image showing the 

production of calcium alginate microbeads containing Jurkat cells in PC MC3 is shown in 

Figure 4.10. 

 

4.10: The formation of calcium alginate gel microbeads in PC MC3. 

 

This internal gelation approach enabled the successful encapsulation of single/ small 

groups of Jurkat cells in alginate gel microbeads as seen in Figures 4.11 and 4.12. The 

resultant calcium alginate gel microbeads appeared to be uniform in size and shape as seen 

in Figure 4.12, which was probably due to a number of reasons, including: the ability to 

control the flows of the fluids using syringe pumps, and the fact that the syringes were not 

placed in upright positions, hence the cells and calcium alginates gel microbeads did not 

Beads 

Channel 
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sink down so fast. A bright field microscope was used to visualise and obtain an image of 

four encapsulated Jurkat cells in an alginate gel microbead, which is shown in Figure 4.11. 

 

 

Figure 4.11: A bright field microscope image of four encapsulated Jurkat cells in a spherical alginate gel 
microbead produced using syringe pumps as a means of fluid injection though the PC MC3 chip. The diameter of 
this alginate gel microbead is 150 µl. 

 

 

  

150 µm 
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This approach saw the successful encapsulation of Jurkat cells in uniform sized and shaped 

alginate gel microbead as seen in Figure 4.14.  

 

 

 

 

 

 

 

 

  

Figure 4.12: Confocal microscopy image of calcium alginate 
gel microbeads containing jurkat cells. These microbeads are 
spherical and mono-dispersed produced by using the 
optimised microfluidic setup and chip. 
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 Results and discussion of cell viability 4.3.3

4.3.3.1 Calcium alginate gel microbeads produced externally using PMMA MC2 

In this approach, the carrier oil and aqueous solution (containing alginate, nano 

precipitated calcium carbonate and Jurkat cells) were introduced into the PMMA MC2 at 

the first and second inlets respectively via syringe pumps. The flow rates were then 

adjusted as described in section 4.2.3. The resultant sodium alginate microdroplets 

containing cells were then dropped into a sterilised 24 well plate containing 1ml of 

acidified oil for about 1 minute to allow the external gelation process to occur.  

The encapsulated Jurkat cells were then stained with calcein-AM and PI dyes 24 hours 

after encapsulation. The encapsulated Jurkat cells were then visualised under a 

fluorescence microscope in order to determine cell viability. The fluorescence microscopy 

images obtained Figures 4.13 and 4.14; showed that red fluorescent signals were emitted 

from these cells, meaning that the cells died. This observation was most likely due to the 

fact that the cells were exposed to a larger volume of the acidified oil containing a 

relatively high concentration of glacial acetic acid (GAA). Once GAA dissociates within a 

cell it causes cell death via various mechanisms: the build-up of anions can contribute to an 

increase in pressure (311), which causes the cells to burst. In addition there is a possibility 

that other cellular anions are expelled, which causes a reduction in intracellular pH, 

inhibits cell function and/ or causes a feedback inhibition of many vital metabolic 

pathways (311). Therefore, it was decided that the best way to gelify the alginate gel 

microbeads was to adapt an internal gelification approach.  
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4.13: Microscope images (×20 magnification) of an encapsulated single dead cell in a calcium alginate gel 
microbead. The upper left image is a fluorescent image, the upper right is a phase contrast image and the lower 
left is a combination of both the fluorescence and phase contrast images. The encapsulated cell was stained with 
calcein-AM and PI dyes and imaged 24 hours after encapsulation. This dead cell was encapsulated in a calcium 
alginate gel microbead using PMMA MC2. 

 

 



172 
 

 

Figure 4.14: Another microscope images (×20 magnification) of an encapsulated single dead cell in a calcium 
alginate gel microbead. The upper left image is a fluorescence image, the upper right is a phase contrast image 
and the lower left if a combination of both the fluorescence and phase contrast images. The encapsulated cell was 
stained with calcein-AM and PI dyes and imaged 24 hours after encapsulation. This dead cell was encapsulated in 
a calcium alginate gel microbead using PMMA MC2. 
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4.3.3.2 Calcium alginate gel microbeads produced internally using PMMA MC1 

Another attempt to encapsulate live Jurkat cells successfully in alginate gel microbeads 

was vital to overcome the above mentioned challenges. However, prior to encapsulating 

the Jurkat cells in the calcium alginate gel microbeads, it was essential to investigate the 

minimum concentration of GAA needed for the gelation process of the microbeads. The 

states of the calcium alginate gels were determined visually and by touching the gel with a 

micropipette tip. The results obtained were summarised in Table 4.4 and showed that 100 

µl of glacial acetic acid in 50 ml of vegetable oil was enough to gelify the calcium alginate 

gel, whereas reducing the amount to 50 µl caused partial gelation to occur.  

The term partially gelled was used when the alginate gel was deformed as a result of 

touching the gel with a micropipette tip. On the other, hand the term gelled was used when 

the alginate gel restored its state after being provoked with a micropipette tip. 

Subsequently, the amount of glacial acetic acid was reduced to 100 µl  

Table 4.4: Summary of the results obtained to determine the minimum amount of glacial acetic acid needed for 
alginate gel solidification. 

Amount of glacial acetic acid in 50 ml of 
vegetable oil 

State of alginate gel 

250 µl Gel 
100 µl Gel 
50 µl Partially gelled 
20 µl Partially gelled 

 

Once the minimum concentration of GAA was determined, the alginate solution (1.1% 

w/w) was then made up as described previously in chapter two with the addition of 0.1125 

g of nano-precipitated calcium carbonate. The carrier oil, acidified oil and aqueous solution 

(containing alginate, nano precipitated calcium carbonate and Jurkat cells) were then 

introduced into PMAA MC1 at the first, second and third inlets respectively using syringe 

pumps as described in section 4.2.3. Thus the gelation process of the calcium alginate gel 
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microbeads occurred on chip. This approach enabled the successful encapsulation of single 

Jurkat cells in monodisperse and uniform sized calcium gel alginate microbeads.  

The encapsulated Jurkat cells were stained as described in the previous section with both 

calcein-AM and PI dyes 24 hours after encapsulation. The cells were then observed under 

a fluorescence microscope and images of the calcium gel microbeads containing cells were 

obtained and are shown in Figures 4.15 and 4.16. The encapsulated Jurkat cells appeared to 

be permeable, i.e. they exhibited both live and dead charactartics. As mentioned previously 

in the methodology section of this chapter, PI stains the nucleus of a dead cell red by 

attaching to the cell nucleus, for this to happen there cell membrane must be have been 

damaged. Whereas, calcein-AM is converted into what is known as calcein by an enzyme 

called esterases is only retained in a live cell. This means that the encapsulated cells have 

most likely experienced stress during the encapsulation and gelation process of the calcium 

alginate gel microbeads, causing slight damage (perhaps a hole) to the cell membranes, 

which allowed the PI dye to enter and stain the cell nucleus. At the same time, calcein was 

retained in the cell since the cell membrane was not damaged enough and may have started 

to recover. Another possible explanation was that the cells could have been subjected to 

excess pressure (90). There still remains a possibility that the Jurkat cells could have 

recovered from the initial shock/ stress a couple of days after the encapsulation process 

took place. Unfortunately, due to both the availability of the fluorescence microscope and 

time constraints, the encapsulated cells could not be monitored further. Similar 

observations have also been reported (312). A paper published by Hiraoka, Y and 

Kimbara, K reported three different categories of cells, which included: viable, dead and 

permeabilised cells. The cells were categorised based on their take up of live/dead cell 

dyes, for example: calcein positive cells represented viable cells, PI positive cells 

represented dead cells and calcein and PI positive cells represented the permeabilised cells. 
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The cells that were shown to be positive for both live and dead stains were referred to as 

permeable, because PI for example only enters a cell through damaged membranes, 

whereas calcein on the other hand is retained in viable cells.    

 

Figure 4.15: Fluorescence microscope image ×20 magnification of an encapsulated cell in an alginate gel 
microbead after 24 hours of encapsulation. The cell emitted green and red signals meaning that the cell was 
permeabilised. This cell was encapsulated was encapsulated in a calcium alginate gel microbead using PMMA 
MC1. 
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Figure 4.16: Another fluorescence microscope image ×20 magnification of an encapsulated cell in an alginate gel 
microbead after 24 hours of encapsulation. The cell emitted green and red signals meaning that the cell was 
permeabilised. This cell was encapsulated was encapsulated in a calcium alginate gel microbead using PMMA 
MC1. 
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 Calcium alginate gel microbeads produced internally using PC MC3 4.3.4

Another approach to produce alginate gel microbeads containing cells was needed to 

overcome the challenges caused due to the way that the PMMA MC2 chip was fabricated. 

This approach therefore, involved modifying the fabrication procedure so that 

polycarbonate blocks were used instead of PMMA. The encapsulated Jurkat cells were 

subsequently stained as described in the two previous sections with PI and calcein-Am 24 

hours after the cells were encapsulated. The Jurkat cells were then visualised under a 

fluorescence microscope and images of the calcium alginate gel microbeads containing 

Jurkat cells were obtained (Figures 17 and 18). The encapsulated Jurkat cell using this 

approach appeared to be Permeable. 
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Figure 4.17: Fluorescence microscope image × 20 magnification of an encapsulated cell in an alginate gel 
microbead after 24 hour of encapsulation. The cell emitted green and red signals meaning that the cellular activity 
of the cell reduced and began to undergo apoptosis. This cell was encapsulated using the optimised approach to 
produce alginate gel microbeads. 
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Figure 4.18: Another fluorescence microscope image ×20 magnification of an encapsulated cell in an alginate gel 
microbead after 24 hours of encapsulation. The cell emitted green and red signals meaning that the cellular 
activity of the cell reduced and began to undergo apoptosis. This cell was encapsulated using the optimised 
approach to produce alginate gel microbeads. The different substances within the alginate gel microbeads have 
been numbered, as follows 1, 3, 8 and 10: air bubbles out of plane of focus, 2 and 9: air bubble, 4: BSA, 5 and7: 
inconsistencies in the alginate gel, and 6: Jurkat cell (calcein positive and PI positive). 

 

Figure 4.18 has been annotated to describe the other particles that are present in the 

calcium alginate microbeads. The same particles were also observed in the other 

fluorescence images presented in this chapter. A number of air bubbles appear to be 

outside of the plane focus at various points within the calcium alginate gel microbeads. 

These air bubbles appear as the dark shadows and have been referred to as particle 
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numbers 2 and 9. Other air bubbles were visualised in line with the focal plane and 

appeared as white particles. These air bubbles have been numbered 1, 3, 8 and 10. It was 

unlikely that the aggregate observed in Figure 4.18 (particle number 4) was cell remnant or 

lost DNA, but rather it was most likely to be BSA from the FCS or a cell ghost (also from 

FCS), since FCS is never 100% pure and is known to always have various particles 

floating in it. Such aggregates are always found in cell culture medium and are observed at 

the same focal plane as the Jurkat cells, but are not calcein or PI positive. If this aggregate 

was indeed a cell it would have been stained, and it would have been easier to stain than 

the stained Jurkat cell, since it is as located at the edge of the calcium alginate gel 

microbeads. These observations provide clear evidence that there is one cell encapsulated 

in the calcium alginate gel microbeads shown in Figures 4.13- 4.18. If there were more 

than one encapsulated Jurkat cell in the calcium gel alginate microbeads, every intact 

Jurkat cell would have been stained green and every complete cell with DNA would have 

been stained red. Therefore, the calcium alginate gel microbeads in Figures 4.13- 4.18 

contained only one cell. 

The fluorescence images of the encapsulated Jurkat cells shown in Figures 4.15- 4.18 as 

mentioned previously, were calcein and PI positive, such cells are referred to as permeable. 

The viability of these cells can only be determined by looking at the same cells under the 

fluorescence microscope after 24 hours and 48 hours. The Jurkat cells should have divided 

if they were viable, or at least the viability status of the Jurkat cells would have been 

determined by the colour they fluoresce. In addition, the alginate gel microbead might have 

hindered the Jurkat cell from falling apart, preventing the cell contents from spilling out. 

Moreover, cells cannot lose their DNA, which means that the DNA (including fragmented 

DNA stained with PI) cannot diffuse out of the nucleus. Therefore the red stain should be 

observed for cells containing DNA even if they have crumbled up. Furthermore, despite 
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not fitting into one field of view, the images of the calcium alginate gel microbeads 

containing single cells were checked to ensure single Jurkat cells were encapsulated.  

Referring back to the growth curve (Figure 2.12) in chapter 2, there was a 24 hour delay in 

the growth of Jurkat cells after undergoing encapsulation in large calcium alginate gel 

beads. Thus, the results presented in this chapter and chapter 2 could indicate that many of 

the encapsulated Jurkat cells either stopped growing for a while, some might have started 

to grow again and that others might have not.   

Another factor that could have resulted in the permeability of the encapsulated Jurkat cells 

to both stains was that unfortunately they had to be transported for at least 20 minutes 

under ambient conditions and different weather conditions.  
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 Conclusion 4.4

The main aim of this Chapter was to encapsulate live cells in alginate gel microbeads using 

a novel microfluidic setup and a purposely fabricated microfluidic chip. The fluids were 

injected into three specifically designed microfluidic chips using syringe pumps to find the 

most suitable chip for cell encapsulation. The amount of nano precipitated calcium 

carbonate and glacial acetic acid used to solidify the alginate gel microbeads was also 

modified to ensure that the process of solidifying the microbeads had little or no effect on 

cell survival. The alginate gel microbeads containing cells described in this Chapter were 

solidified by internal or external gelation methods depending on the chip that was used to 

encapsulate the cells.  

Findings from the work carried out in this chapter revealed that the best approach 

combined the use of internal gelation methods using a microfluidic chip that was made 

from polycarbonate sheets. This approach was favoured due to many factors, including: the 

ability to control the size and shape of the alginate microbeads containing permeable Jurkat 

cells after 24 hours of encapsulation.  

Controlling the size of the microbeads is important as it controlled the number of 

encapsulated cells and allowed for single cell encapsulation, which is vital for future single 

cell experiments and cell signalling studies (15).  The microbeads produced in this chapter 

were roughly around 150 µm, which allowed for oxygen and nutrients to enter and escape 

from the microbeads as and when needed.  

The following Chapter (Chapter 5) concludes the thesis and summarises recommendations 

for future work. 
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5 Chapter Five            Conclusion 

 Introduction  5.1

This Chapter is divided into four main sections, which also includes this section (section 

5.1). Section 1.2 summarises the progress that has been made towards meeting the aims 

and objectives that were detailed in Chapter 1. Section 5.3 summaries the conclusions 

derived from each Chapter in this thesis, and section 1.4 provides a summary of 

suggestions for recommendations and future work. 

 Review of aims and objectives 5.2

The aims of this research project were the novel design and optimization of a microfluidic 

setup for single cell encapsulation. These aims were mainly met as a novel microfluidic 

setup and chip were successfully developed and employed for encapsulating single cells in 

calcium alginate gel microbeads. However, the encapsulated cells appeared to be 

permeabilised 24 hours after encapsulation, since the cells were stained with both calcein 

and PI.  

The main objectives of this thesis were to: 

 

 Determine the effect of formulations used for the production and degradation of the 

alginate gel beads on cell viability.  

 Monitor the viability of encapsulated cells in calcium alginate gel beads. 

 Construct a novel microfluidic setup, including a simple novel and reusable 

microfluidic chip to encapsulate single cells in calcium alginate gel microbeads. 

 Determine the cell viability of encapsulated cells using the optimal microfluidic 

setup. 



184 
 

These objectives were mainly met, although further work was required to show that the 

encapsulated Jurkat cells in calcium alginate gel microbeads, would have potentially still 

been alive (i.e. no PI stained nuclease) 24 hours and more after the encapsulation process. 

However, due to time constraints this was not possible. 

Cytotoxicity experiments were carried out to determine the effect of formulations used to 

encapsulate cells and degrade alginate gel beads on cell growth and viability. In these 

experiments, cells were stained with trypan blue and visualised under a light microscope, 

allowing for viable and dead cells to be distinguished and counted. Findings from these test 

showed that prolonged exposure (30 minutes and more) to calcium chloride effected Jurkat 

cell growth and viability. This finding is not problematic as calcium chloride was only 

needed in the solidification process of the beads for a period of 10 minutes. Furthermore, 

the sodium citrate buffer used to dissolve the calcium alginate beads had no significant 

effect on cell growth or viability. 

Following on from the cytotoxicity tests, Jurkat cells were encapsulated in large calcium 

alginate gel beads (2 mm in diameter), which were produced manually by dropping 

calcium alginate/ cell solution from a syringe that was attached to a 25 Gauge needle into 1 

ml of calcium chloride solution. This resulted in the successful formation of calcium 

alginate gel beads containing cells. This was followed by a study that was carried out over 

a period of seven days to monitor cell growth in large calcium alginate gel beads. Findings 

from this study showed that the growth of encapsulated cells in calcium alginate beads was 

delayed despite following the same growth trend as non-encapsulated cells. This suggests 

that alginate is a suitable material for cell encapsulation studies, and was therefore used in 

the subsequent studies described in this Thesis.  
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Furthermore, the optimised microfluidic setup described in Chapter Four was used to 

encapsulate Jurkat cells in calcium alginate gel microbeads. The optimisation process 

involved designing, fabricating and testing three microfluidic chips in order to determine 

the most suitable chip design for encapsulating cells in calcium alginate gel microbeads. 

The favoured chip was made from polycarbonate sheets, and allowed for internal 

solidification of the alginate gel microbeads to take place.  

The microbeads produced were polydisperse and spherical with a diameter of 

approximately 150-200 µm in size as desired. Moreover, most of the microbeads contained 

single cells or small groups of cells, which potentially can aid the understanding of certain 

cellular activities. 

The encapsulated cells in calcium alginate gel microbeads were then stained with PI to 

visualise dead cells red and calcein-AM to visualise viable cells green. Findings from these 

experiments showed that the cells emitted both green and red signals, indicating that the 

cells had characteristics of both live and dead cells. These observations could have been 

due to many factors, such as:  

 The cells could have experienced an initial shock during the encapsulation process. 

 The high pressures applied could have damaged the cells slightly by making holes 

in the cell membranes making them permeable to PI yet at the same time retaining 

the calcein. 

 Yeast contamination was observed when the encapsulated cells were visualised 

under the fluorescence microscope. 

 The encapsulated cells were transported across a mile of open landscape 24 hours 

after encapsulation for fluorescence microscopy imaging.  
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 Summary of main conclusions 5.3

In Chapter 1, a literature survey on cell encapsulation using different materials and the use 

of microfluidics for encapsulating cells were carried out. The main areas that required 

improving to encapsulate cells were identified and listed as follows: 

The results obtained in Chapter Two showed that alginate is a suitable material for cell 

encapsulation. In this Chapter a series of cytotoxicity tests were carried out to determine 

the effect of formulation used to solidify and degrade alginate gel beads on the viability 

and growth rate of encapsulated cells. In addition a study was carried out to monitor cell 

growth and viability of encapsulated cells over a period of seven days. Recommendations 

that were suggested in this Chapter involved using microfluidics to encapsulate cells in 

alginate gel beads. The results obtained in this Chapter formed the basis of investigations 

detailed in the two subsequent Chapters (Chapter Three and Four).  

The recommendations set in Chapter Two were implemented in Chapter Three, which 

aimed at constructing a microfluidic setup and chip to encapsulate cells in alginate gel 

microbeads. The fluids (oil, acidified oil and alginate/cell samples) were driven through the 

microfluidic setup by gravity. This led to the successful encapsulation of cells in alginate 

gel microbeads. The alginate gel microbeads produced in this Chapter were solidified 

internally (on chip), as the chip consisted of an inlet to inject the acidified oil through it. 

The main findings in this Chapter showed that the described microfluidic setup and chip 

can be used for the successful encapsulation of cells. However, there were some 

improvements and recommendations that needed implementing in order to produce 

alginate gel microbeads of uniform size and shape, while also allowing single cell 

encapsulation to occur. A further recommendation was to fabricate a more robust chip, 

which can withstand relatively high pressures.   
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Based on the results obtained in Chapter three, the microfluidic setup described in Chapter 

Four was modified. The fluids were injected through this microfluidic setup by syringe 

pumps instead of gravity. Moreover, three different chips were evaluated to produce 

alginate gel microbeads containing viable cells, to determine the most suitable material 

used to fabricate the chip in addition to comparing internal (on chip) and external gelation 

(off chip) methods on cell viability. The results showed that the microfluidic setup 

described in this Chapter enabled the successful encapsulation of permeable cells in 

alginate gel microbeads. Moreover, internal solidification was preferred over external 

solidification of the alginate gel microbeads as the cells died almost immediately when the 

beads were solidified externally. Furthermore, polycarbonate sheets were favoured over 

PMMA for fabricating the microfluidic chip, since the chip fabricated with this material 

was robust and allowed significantly high pressures to flow through it, enabling single cell 

encapsulation in 150-200 µm size alginate gel microbeads. However there still remained a 

drawback to this microfluidic setup as the cells showed both live and dead cell 

characteristics 24 hours after encapsulation. 

 Recommendations and future work 5.4

Work carried out in this thesis reports the successful encapsulation of permeable cells in 

alginate gel microbeads using a novel microfluidic setup and chip. A comparison between 

two different the microfluidic setups and three chips described in this thesis revealed that, 

the microfluidic setup driven by syringe pumps and the polycarbonate sheet microfluidic 

chip enabled the production of uniform size and shape alginate gel microbeads containing 

permeable cells. However, there still remained some essential improvements. 
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Table 4.5: Comparison of the developed microfluidic setup, chip and formulations with the characteristics of an 
ideal alginate gel microbeads. 

Ideal characteristics of the microfluidic 

setup, chip and formulations. 

Developed characteristics 

Encapsulated cells should survive for at least 

24 hours. 

Encapsulated cells showed characteristics of both 

live and dead cells.  

Uniform size alginate gel microbeads. The size of alginate gel microbeads were roughly 

between 150-200 µm. 

The alginate gel beads were to be spherical 

in shape. 

The alginate gel beads were spherical.  

Encapsulate single cells per bead. Single cell encapsulation was achieved. 

Reproducible  The alginate gel beads were reproducible as the 

pressure of fluids applied were easily controlled by 

the syringe pumps. 

Easy to use and handle. The microfluidic setup was easy to use and 

maintain. 

A rigid microfluidic chip. The microfluidic chip that successfully 

encapsulated cells in alginate gel microbeads was 

rigid as applying relatively high pressures did not 

cause any damage to the chip. 

Cost effective The main costs are associated with the fabrication 

of the microfluidic setup and chip. In general these 

are an initial investment, which once made 

eventually reduces the overall production costs of 

producing microfluidics.  

Inertness of the material used to fabricate the 

microfluidic chip.  

The polycarbonate sheet used to fabricate the 

optimised microfluidic chip was inert to the cells 

and did not cause cell death.  

The material used to fabricate the 

microfluidic chip should be optically 

The polycarbonate sheet used to fabricate the 

optimised microfluidic chip was transparent and 
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translucent, in order to check the progress of 

cell encapsulation and cell viability if 

desired. 

allowed the visualisation of the progress of cell 

encapsulation.  

The formulations (for example calcium 

chloride and sodium citrate) and materials 

(alginate) used to produce and dissolve 

microbeads should be mild to cells. 

Cytotoxicity tests showed that the formulations and 

materials used to encapsulate cells were mild 

enough for cells to remain viable. 

 

The comparison, Table 4.5 shows that the microfluidic setup, chip and formulations used 

to produce alginate gel microbeads containing permeable Jurkat cells satisfied most of the 

identified characteristics needed to produce the ideal microbead that would be used for cell 

encapsulation. However, the work conducted in this thesis has some limitations due time 

constraints, availability of equipment and lack of funding.  The areas that have been 

recommended for future experimental work: 

 Monitor cell encapsulation over a period of 24 hours. 

 Encapsulate a range of different cells. 

 Use of different materials to encapsulate cells and compare them. 

 Reduce the size of the setup so that it can fit in a biohazard cabinet. 

 Monitor cell encapsulation for at least 24 hours. 5.4.1

Snapshots from live imaging of encapsulated cells in alginate gel microbeads were 

obtained using a fluorescence microscope. Ideally these snapshots should have been taken 

from live imagining as soon as possible after encapsulation for at least 24 hours, so that 

cells can be monitored. Unfortunately, due to time constraints and practicalities this was 

not carried out and instead video snapshots were taken 24 hours after the cells were 

encapsulated in alginate gel microbeads. This drawback meant that there was no prior 

knowledge of knowing if the cells were already PI positive immediately after entering the 
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microfluidic chip, or if the high pressure passing through the microfluidic chips killed the 

cells sometime after encapsulation.  

 Encapsulate a range of different cell lines. 5.4.2

The research studies carried out in this thesis involved encapsulating Jurkat cell lines. This 

cell line was chosen for two main reasons: its availability in the laboratory and because 

they are easy to maintain in a traditional 2D environment. If possible it would have been 

ideal to use different cell lines in the work carried out in Chapters Two to Four in order to 

compare cell survival rates upon encapsulation. 

 Use different materials to encapsulate cells and compare them. 5.4.3

The work carried out in thesis involved encapsulating cells in alginate gel microbeads. 

However, as described in Chapter One, there are other materials (natural and synthetic) 

that could be used to encapsulate cells. It would have been interesting if time and funds 

Permeabletted to try different encapsulating materials to encapsulate cells using the 

optimised microfluidic setup and chip. Following on from cell encapsulation, it would have 

been interesting to investigate cell survival within the different encapsulating material and 

compare cell survival rates.  

 Reduce the size of the microfluidic setup. 5.4.4

The size of the optimised microfluidic setup described in thesis is relatively big. The size 

of this setup could have been reduced by removing the safety box and bringing some of the 

components slightly closer together. Ideally most of components of the setup, including the 

pump syringes and microfluidic chip could have been placed in a biohazard cabinet at least 

while cell encapsulation was taken place to reduce the risk of cross contaminations for long 

term cell cultures and in vivo. Unfortunately this was not possible due to many factors: the 

size of the setup, the lack of funds to buy a cabinet and the limited availability of 

communal biohazard cabinets for sole use over prolonged periods. 
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