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Abstract 

Electrospray techniques have become established in the life sciences for uses 

from cell encapsulation (Chang, 1964) to directed cell placement in more recent 

times (Jayasinghe et al., 2006a). During electrostatic encapsulation a conducting 

fluid in a needle connected to a high voltage power supply is charged and then 

drawn towards a grounded electrode by an electric field resulting in spraying. 

Cells and other materials can be encapsulated by suspending them in an alginate 

solution and electrospraying directly into a solution containing of a crosslinking 

agent, most commonly calcium chloride. This technique can be used to directly 

process and encapsulate many different types of materials (Jayasinghe and 

Townsend-Nicholson, 2006, Jayasinghe, 2007, Patel et al., 2008). This research 

adapts this technology further and progresses it by creating structures with 

multiple layers over an extended period with fluorescent markers contained 

within the layers, which are created through chemical adsorption. This allows 

the encoding information for the use in combinatorial stem cell biology where 

instead of individual experiments a large number of permutations are explored 

simultaneously. The research covers various parameters governing the 

encapsulation and layering processes as well as the biological functionality and 

integration as a tool for combinatorial stem cell cultures. The novel 

encapsulation and encoding technique presented here has a number of 

advantages over the currently available technology and has been filed as patent 

PCT/EP2010/006459.  
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1 Introduction 

Electrospraying is a process in which a conducting fluid in a needle is drawn 

towards an electrode by an electric field created from a potential difference 

between the two. The fields used are of the order of kilo volts per centimetre and 

can be strong enough to draw out the liquid in different modes of jetting 

depending on the setup, field strength and fluid properties (Jaworek et al., 2004). 

This allows for the jet processing of many different types of material suspension 

from ceramics to cells (Jayasinghe et al., 2002, Jayasinghe et al., 2006b) for a 

wide variety of applications. 

 

The specific application addressed in this research is the use of electrospraying 

as an encapsulation tool and to encode information for combinatorial sciences. 

Combinatorial analysis is widely applied in chemistry and can also be adapted to 

be used in cell biology (Choo, 2008) to aid in answering questions such as finding 

differentiation conditions for stem cells. To differentiate stem cells from pluri- or 

multipotent stem cells into a specific lineage or cell type, a combination of 

chemicals and growth factors needs to be used in a temporal manner in a 

protocol. The ability to repeatably and successfully guide the differentiation of 

stem cells into a target cell type would be highly advantageous to the field of 

regenerative medicine. However, finding the correct combination, order and 

duration of growth factors and chemicals can take considerable time for any 

given protocol. Hence, combinatorial techniques can be used to examine a vast 

matrix of combinations simultaneously. Figure 1 illustrates the process of using 

combinatorial analysis to find a differentiation pathway.  
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Figure 1: Diagram of combinatorial method. Microcarriers, beads of microspheres are 

initially seeded with cells and split into different aliquots for the first stage of 

differentiation (A,B & C). After culturing for a given time period and adding tags to 

each condition to be able to identify any cell carriers that were cultured in said 

condition, the cell carriers are washed and pooled together. After the pooling, they 

are again split into aliquots for the next stage of differentiation and subsequently 

tagged. Again, this process is repeated for as many stages as required. At the end of 

the experiment, all microspheres are screened for markers of differentiation 

markers and the resultant data is analysed. The red carrier indicates cells 

successfully differentiated into the target type. 

The example shown in Figure 1 illustrates a combinatorial three by three matrix. 

Initially, cells are seeded on microcarriers generating cell units. These are then 

split into three aliquots, one for each different mix of reagents in the first stage of 

the experiment, and encoded with information to be able to later identify which 

condition they were cultured in. A-C here symbolise three different conditions 

with variations that can range from culture media to general culture 

environments. After each aliquot has been cultured under different conditions 

for a set period of time, all three aliquots are washed and pooled together before 

being split again into three aliquots and encoded for the next stage of the 
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experiment. This process is repeated until the final stage is complete after which 

all aliquots are pooled together. At this final stage, a fluorescent marker is used 

to determine which microcarriers contain cells which have successfully 

differentiated into the correct cell type. This can be a fluorescent protein from an 

expressed promoter or a fluorescent antibody. By using fluorescence activated 

cell sorting (FACS), the successfully differentiated microcarriers can be quickly 

identified and isolated. Once the successfully differentiated cell carriers are 

sorted individually, the encoded information of each individual unit can then be 

recovered to determine which path these differentiated cells took. 

 

It is during the initial preparation of the cells into units and the encoding stage of 

the process where electrospraying is to be introduced. The overall idea was to 

create spherical encapsulations containing the cells or microcarriers and adding 

a new layer at each stage of the experiment. Each layer needs to contain markers, 

such as fluorescent microbeads, which allow the encoding of the required 

information for the combinatorial analysis as illustrated in Figure 2. 
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Figure 2: Diagram showing the initial approach to layered information encoding, 

adapted from Plasticell Ltd. (a) illustrates the initial creation of a hydrogel capsule 

using alginate which contains live cells as well as microtags. (b) an existing 

microsphere or one or more layers is suspended in an alginate solution containing 

microtags and electrosprayed creating an encapsulation containing the original 

hydrogel bead and an hydrogel additional layer encoding information. 

After splitting the cell, cell cluster or microcarrier suspension into different 

aliquots, each aliquot is directly encapsulated by electrohydrodynamically jetting 

the cells. To do so, the cells are suspended in an alginate containing medium with 

or without fluorescent tags and jetted into a solution containing a cross-linking 

agent such as calcium chloride. The cross-linking agent solidifies the droplets 

into hydrogel spheres which can then be recovered from the collection vessel. 

For the next stage, the existing beads are washed from their current culturing 

media and resuspended in an alginate solution containing tags and the entire 

suspension is again jetted into a cross-linking solution. This process is repeated 

for each additional encoding layer which needs to be added to the system. This 

initial approach unfortunately resulted in a number of issues and obstacles 
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becoming apparent, as will be detailed later. Consequently the approach was 

then modified to use electrospraying only for the initial encapsulation with 

additional layers being created through polyelectrolyte adsorption.   

1.1 Hypothesis 

The hypothesis of this work consists of three parts. Firstly, that 

electrohydrodynamic spraying can be used to encapsulate cells in multilayer 

constructs. Secondly, that stem cells can be cultured and differentiated within 

these multi-layered spheres. Lastly, that these can be successfully tagged and the 

data recovered and used for a combinatorial approach. 

1.2 Aims of the research 

The overall goal of the research is to create an alternative to the currently used 

culturing and tagging methods to complement the existing CombiCult 

technology. The aim is to encode information with the cells independently of 

their attachment to cell carriers or surfaces. This will allow for the use of non-

adherent cells. To achieve this, cells will be encapsulated through the use of 

electrohydrodynamic atomization. 

 

The use of electrohydrodynamic atomization (EHDA) as the primary technique 

for the creation of encapsulations requires a deep understanding of the process. 

The first interest of this research was therefore to explore the process of EHDA 

for the use in encapsulations using suitable biocompatible materials. The spray 

characteristics under different sets of conditions as well as the effects of the 

controlling parameters need to be understood to be able to control and predict 
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the process. Repeatability is another interest of the research as the results of the 

physical spraying process need to be easily and reliably repeated for each 

experiment to minimise any possible effect on cell culturing experiments. 

 

The current method of tagging microcarriers in CombiCult works by electrostatic 

attraction. The microcarriers used are macroporous microcarriers with a surface 

charge. This allows oppositely charged micrometre sized fluorescent tags to be 

attracted to them and adhere to their surface. Due to their porous structure, the 

micrometre sized tags can embed themselves deep into the microcarrier which 

leads to reasonable retention of the tags. However, there are several limitations 

to this technique which this research aims to overcome by the introduction of an 

alternative tagging methodology. 

 

The main limitation of the current CombiCult technique is that the method only 

works with a specific type of microcarrier and this microcarrier in turn does not 

work with all cell types. Moreover, non-adherent cells lines in general cannot be 

used with the existing system which relies on surface adhesion of the cells. For 

example, hematopoietic cells will not adhere to microcarriers and such cells 

would lose adhesion to their tagged microcarrier unit and return to suspension 

during an experiment. 

 

Encapsulations made by electrohydrodynamic atomization techniques should be 

able to overcome these limitations. The final interest of the research is to 

demonstate this and to develop it into a technique that can be used to 

complement the current CombiCult technology. 
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1.3 Scope of research 

As the research question itself does not limit the approach to the solution, initial 

parameters were defined to optimise the scope of the research. The materials 

considered were only those already established in the cell biology research 

communities and approved by regulatory bodies for this type of work. This led to 

alginate being selected early in the research as the most promising encapsulation 

material. From the literature it was apparent that alginate solutions can be easily 

sprayed and cross-linked and that such gel structures are compatible with cell 

culturing (Basta et al., 2004, Chang, 1999, Wang et al., 2009a, Zhang and He, 

2009, Mazumder et al., 2009, Jaworek, 2008).  

 

One of the interests of the research is to also maintain aspects of the existing 

CombiCult technology where possible while integrating the encapsulation 

approach. This is to ensure the commercial applicability for the industrial 

partner of this research. This means that, the processes used in culturing, 

information read-out and analysis should be maintained or adapted and the 

existing equipment used wherever possible. New equipment and processes will 

have to be introduced in some steps but need to fit into the existing overall 

approach. 
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2 Literature Review 

2.1 Combinatorial Stem Cell Sciences 

Combinatorial Cell Culture is a system designed to significantly reduce the 

number of experiments and iterations as well as the time needed to discover 

novel cell culture protocols. In traditional cell culture, to observe the effect of a 

combination of certain growth factors and chemicals on the development of cells, 

a single experiment is done for each set of conditions. In contrast, a 

combinatorial technique uses different conditions concurrently to explore a 

large number of permutations simultaneously (Choo, 2008). 

 

Figure 3: Diagram illustrating the CombiCult workflow. The first step (a) is to conduct 

a CombiCult experiment using a matrix of conditions aimed to direct differentiation. 

Any positive beads identified through screening are then analysed (b) by first 
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releasing the tags from the microcarriers. These are then measured and analysed 

using a flow cytometer and specialised software. The pathways discovered from the 

data are then validated manually in the final stage (c). 

This is currently done by using small microcarriers seeded with cells as the 

experimental units which are then subjected to different media containing 

growth factors and chemicals. This method, used and patented by Plasticell Ltd., 

is a referred to as split-pool CombiCult microculture and illustrated earlier in 

Figure 1, page 15 (Choo, 2008). The aim of this research is to improve on this 

technology so that seeding cells onto microcarriers is no longer necessary as 

cells or cell clusters can be encapsulated directly which will also address other 

limitations such as the use of non-adherent cells.  

 

The microcarriers or encapsulations created initially and seeded with cells are 

sent through combinations of growth media in a matrix setup. First, the beads 

are separated into aliquots and cultured under different conditions. To be able to 

identify which media an individual bead was cultured in, the information is 

encoded onto each microcarrier for later evaluation by adding tag to the cell 

culture medium which attach to the beads. The units are then washed repeatedly 

to remove excess tags and pooled together before being split once again and 

cultured under different conditions. These culturing, tagging and split-pool steps 

can then be repeated according to the complexity of the experiment. 

 

Assuming a sufficient number of initial cell units used for the entire matrix, the 

split-pool technique ensures that all possible combinations or pathways through 
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the matrix will be explored. For any given matrix, the number of combinations 

explored by the split-pool method rises exponentially with the number of stages 

used. For example, with 5 conditions at each split and 3 splits, the number of 

pathways explored is 53 = 125. For a full sized CombiCult experiment, the 

maximum number of pathways is limited by the number of unique tags available 

but can be expanded to easily cover 204 = 160,000, assuming a four stage process 

and given the number of commercially available tags. 

 

After the culturing/differentiation phase of the experiment is completed, the cell 

units are sorted for successful, positive ‘hits’, i.e. cells that have differentiated 

into the target cell type. The cells are fluorescently stained and sorted for 

positive fluorescence using fluorescence activated cell sorting (FACS). Each 

positive ‘hit’ cell unit is then looked at in detail by analysing the tags included 

with each unit using another flow cytometry system. From this data, it is then 

possible to deduce which pathways were the most successful ones resulting in 

the cell type of choice and which warrant further investigation. 

 

Very little literature exist in the scientific journals covering Combinatorial Cell 

Culture as this is a relatively recent development which was patented and the 

name CombiCult registered as a trade mark by Plasticell Ltd. While it is a novel 

technique, a number of trials involving different types of experiments ranging 

from differentiation to drug screening are in progress, such as the screening for 

Osteocyte differentiation protocols, alongside further development and 

refinement of the technology as a whole. The technique has already been used to 

successfully identify new differentiation pathways for stem cells.  
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However, the current technology suffers from several limitations which restrict 

its use and this research is one of the avenues of work undertaken to improve 

the techniques and overcome these limitations. 

 

The main focus of this research is to develop an alternative to the current 

microcarrier culturing and tagging technique. As all steps are interdependent on 

each other, any change the culturing process will also affect the following steps. 

However to allow the continued use of existing hardware and software and to be 

able to integrate any new methodology into the existing framework, this 

research intened to not replace any subsequent stages of the current CombiCult 

workflow entirely but rather to adapt it to be usable in conjunction with the new 

technique developed. 

2.1.1 Microcarriers and tagging  

To allow for a combinatorial approach, it is necessary to be able to track each 

unit’s unique pathway. This means that it is necessary to know which condition 

it was exposed to at each stage to be able to gather and analyse data from the 

experiment. The most basic method of doing this is simply to perform many 

simultaneous experiments using separate cultures on a well plate. Microwell 

plates use spatial encoding where information about culturing conditions is 

linked simply to the well’s location. However, this severely limits the number of 

combinations or experiments that can performed. It is preferable to be able to 

label and use individual microcarriers seeded with cells (Braeckmans et al., 

2002) which increases the number of possible combinations that can be tried 
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simultaneously by several orders of magnitude. Combinatorial methods using 

microcarrier encoding are already used in combinatorial chemistry where ‘split-

and-mix’ is commonly used (Braeckmans et al., 2002, Topiol et al., 2001). This is 

a process similar in concept to CombiCult's Split-Pool but used for chemical 

reactions rather than cell biology. 

 

 

Figure 4: SEM images of different microcarriers. Panels (a) and (b) show 

macroporous cell microcarrier at both low and high magnifications. Panels (c) and 

(d) show a solid spherical microcarrier with protein surface coating. 

Microcarriers can be used as a mobile cell culturing substrate which can be 

encoded either once or at each stage of an experiment. If encoded only once, the 

microcarriers need to be read and their data, such as culturing conditions, logged 

after each stage so that the information can be recorded. This is the case with 
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systems such as graphical encoding (Xiao et al., 1997) or electronic encoding 

(Parandoosh et al., 1998). 

 

Alternatively, it may be preferable to encode information at each stage for each 

condition and only read out the information from the microcarriers or a subset 

of these after the final stage of the combinatorial experiment. This is mainly done 

by optical encoding using either bonding of chromophores or fluorophores to the 

microcarrier surface or by colloidal optical encoding where fluorescent particles, 

mostly microspheres, are attached to the microcarriers at each encoding  stage 

(J. Egner et al., 1997).  

 

Such colloidal optical encoding is the method which is currently used in 

CombiCult split-pool experiments. For this application, it is based on 

electrostatic attraction of micrometre sized fluorescent spheres to the 

microcarriers. Due to the relatively weak electrostatic attraction of the tags to 

the microcarriers, it is possible that some tags get lost or accidentally transferred 

to another microcarrier during culturing and processing. This is an issue which 

this research hopes to address through the use of a multi-layered tagging 

methodology. 

2.2 Stem Cells  

The most potent type of stem cells are embryonic stem cells which are defined as 

indefinitely self-renewing cells that can be differentiated into any other cell type 

(Hanna et al.). Embryonic stem cells are present in the early stages of 

development and can be obtained from pre-implantation blastocysts and in 
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theory cultured indefinitely. However, even in adults there are a number of stem 

cells present. These multipotent adult stem cells are capable only of tissue-

specific differentiation into a limited number of lineages and generally only 

capable of limited renewal (Alison and Islam, 2009). The exact protocols by 

which specific differentiation into individual cell types takes place and the 

conditions under which this could be replicated in vitro are still being explored 

(Odorico et al., 2001, Chaimberlain et al., 2007, Macchiarini et al., 2008, Hook, 

2012). Unlike other cells, stem cells can self-renew indefinitely and thus in 

theory divide and be expanded indefinitely. As embryonic stem cells can be 

difficult and somewhat controversial to obtain, much recent work has gone into 

induced pluripotency (IPS). Induced pluripotency is the conversion of any type of 

cell into pluripotent stem cells. This allows the creation of therapeutic stem cells 

from a biopsy of common and abundant tissue such as skin from which cells are 

taken and induced by various means to become pluripotent stem cells 

(Takahashi and Yamanaka, 2006, Takahashi et al., 2007). However, induced 

pluripotent cells are still comparatively new and there are a number of research 

groups that report differences to regular embryonic stem cells (Lister et al., 

2011, Hussein et al., 2011) which means that results and protocols from IPS 

experiments may not be fully applicable to natural embryonic stem cells. 

 

If protocols can be found to create specific tissues from any donor stem or IPS 

cell, it might be possible to grow artificial organs in vitro for later transplantation 

back to the original cell donor. Such a technique would be vastly superior to 

current technologies as only small tissue samples would be necessary instead of 

full organ donation and the risk of tissue rejection would be minimal when 
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compared to current methods. In addition to therapeutic uses such as cell and 

tissue replacement, there are a number of other uses of stem cells such as in 

vitro disease modelling. 

 

However, to be able to fully utilize stem cells, it is necessary to be able to control 

and direct their function and development. This is why it is necessary to find 

protocols to direct the differentiation of stem cells. Much of this work is done 

manually but progress has been made using robotic culturing as well as 

combinatorial approaches such as CombiCult (Terstegge et al., 2007, Choo, 

2008). 

 

Of particular interest to tissue engineering are Mesenchymal stem cells (MSCs) 

which are a type of multipotent stem cell. MSCs are progenitors to a limited 

number of lineages but unlike tori- or pluripotent stem cells cannot differentiate 

into all three of germ layers endoderm (e.g. gastrointestinal lining), mesoderm 

(e.g. muscle, bone, blood) or ectoderm. MSCs can develop into cells such as 

osteoblasts, chondrocytes and adipocytes (Wobus and Boheler, 2005) as 

illustrated in the following diagram. 
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Figure 5: MSC differentiation diagram. Differentiation happens along different 

pathways originating from MSCs (top) to create a variety of tissues (illustrated at the 

bottom) 

MSCs are interesting to the tissue engineering and regenerative medicine 

research communities as they can be used to develop a range of supporting and 

structural tissues which are vital for the creation of wound grafts or artificially 

grown organs (Macchiarini et al., 2008). However, there are very few clinical 

applications at the moment as much of the research still focuses on chemical 

trials in MSCs as well as understanding and controlling the cells and their 

differentiation pathways before moving onto the next stage of directing and 

using them to create artificial constructs. 

2.3 Methods of Encapsulation 

There is a large variety of different techniques available to create droplets and 

encapsulations. Some alternatives are reviewed and compared here with 

particular focus on the electrohydrodynamics atomisation as the chosen method. 
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2.3.1 Extrusion 

Extrusion could be described as the basic process on which most other 

techniques are based. For this process, a needle is simply connected to a pump, 

typically a syringe pump, which provides a constant pressure and flow rate to 

the liquid. The liquid is thus extruded (i.e. pushed out by application of pressure) 

from the nozzle where it forms a drop at the tip of the needle which drops 

downwards under its own weight when it has gained sufficient mass to 

overcome the surface tension which initially holds the droplet at the nozzle. 

 

 

Figure 6: Extrusion process, adapted from Chan et al. (2009). The solution is driven 

out of a nozzle by applying a high pressure. Once the droplet separates and is in free 

fall, viscoelastic forces and surface tension determine the shape of the droplet. The 

droplet will solidify upon entering the collection bath using chemical cross-linking. 
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Chan et al. carried out detailed work on size and shape distributions of extruded 

alginate droplets (Chan et al., 2009). They used needle sizes with inner 

diameters ranging from 0.2 mm (27G) to 1.2 mm (16G) to obtain encapsulations 

from 2 mm to 3.5 mm. A major limitation of this technique is immediately 

obvious as it is not possible to obtain sizes in the sub-millimetre range using 

such a setup. When the flow rate is increased above a critical level, a jet will form 

at the exit orifice and with the jet break up distance being determined mainly by 

the flow rate. The technique is still used for some applications but not generally 

within the research fields of sprays and spray encapsulations. 

 

2.3.2 Centrifugal Extrusion 

Centrifugal extrusion is an alternative encapsulation technology based on a 

relatively simple process whereby the needle and liquid containing assembly is 

spun at high speed so that the centrifugal acceleration draws out the liquid. 

Essentially, the effect is similar as if gravitational acceleration could be increased 

for normal dripping. 
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Figure 7: Centrifugal extrusion, adapted from Haeberle et al. (2007). An alginate 

reservoir and receiving vessel are placed on a rotating arm. As the rotational speed is 

increased, the centrifugal force moves the receiving vessel upward in line with the 

nozzle through which the alginate is now driven by the centrifugal force. 

Using such an approach, Häberle et al. were able to produce beads ranging in 

sizes from 180 µm to 800 µm at high flow rates and using single or multiple 

channels (Haeberle et al., 2007). The setup, as illustrated in the figure above, was 

designed to fit into a standard laboratory centrifuge thus simplifying the 

equipment required to perform this type of encapsulation. As the centrifuge 

starts spinning, the collection vessel is moved upward in line with the spray 

nozzle. At the same time, the alginate will start to spray from the nozzle due to 

the centrifugal force. Once the droplets hit the cross-linking liquid in the 

collection vessel, they solidify into hydrogel spheres. However, this approach has 

several shortcomings as described in the literature. For instance, to avoid 

agglomeration at the surface meniscus of the collection liquid a surfactant 

(0.1%wt Tween20) had to be added. Another limitation lies with the amount of 

liquid in both the reservoir and the collection vessel as this is limited and cannot 

ω↑

alginate receiving tubenozzle

ω
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be refilled or exchanged during the encapsulation process. There is also an issue 

with spheres collected in the collection vessel being compressed at the bottom of 

the vessel. This is particularly troublesome if there is a large amount of spheres 

or if the solidification rate is not sufficiently fast. Changing liquid levels as the 

reservoir is emptied will lead to inconsistent flow rates as the liquid level and 

thus the pressure at the nozzle changes. Furthermore, very small nozzle sizes are 

required to create small encapsulations as the size of the droplets is significantly 

larger than the nozzle, in some cases almost twice as large. Using a 127μm nozzle 

at high rotational velocity, the minimum size achieved by Häberle et al. was 

180μm (Haeberle et al., 2007). This requirement for very small nozzle sizes is a 

serious problem where large cells, microcarriers or even islets or other cell 

clusters are concerned as they could be damaged by shear stress within the 

nozzles or coagulate and form blockages within the system. 

2.3.3 Electrohydrodynamic Atomisation 

Electrohydrodynamic Atomization is a technique that has its roots in the 16th 

century in the research of William Gilbert and became an established subject in 

the late 19th century following Lord Rayleigh’s theoretical work (Rayleigh, 1882) 

which was later confirmed experimentally by researchers such as Zeleny (1914) 

and Taylor (1964). Depending on context and application, it is also referred to as 

electrohydrodynamic spraying, electrostatic atomization, electrospraying or bio-

electrospraying. Electrospraying has established itself over the last decade as a 

highly promising method for the processing of live cells, cellular clusters and 

entire embryos. Some of the main advantages of this technique are high 

processing rates, high viability, controllable small droplet size and good spatial 
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resolution. Previous research by a number of groups has demonstrated that 

ability to produce very small and controlled size distribution of droplets (Huang 

et al., 2005). Additionally, spatial resolution and droplet placement for printing 

or other processing is possible due to the spray pattern being controlled by an 

electric field. Once the charged droplets are moving towards the target, simple 

electrodes similar to those in a cathode ray tube can control the droplet 

placement. Depending on a number of variables, different jet spray modes can be 

achieved which have been covered extensively by Jaworek et al. (1999, 2004). 

Using this technique, it is possible to process materials from ceramics to cells for 

a wide variety of applications (Jayasinghe et al., 2002, Jayasinghe et al., 2006b). 

Some groups have demonstrated the ability to create 3D print patterns using this 

technique (Wang et al., 2005) although such structures are currently limited to 

areas outside the life sciences. Electrospraying has recently been introduced into 

the life sciences and has been shown to be able to process different types of 

biological materials and live cells without causing damage (Odenwalder et al., 

2007, Mongkoldhumrongkul et al., 2009, Clarke and Jayasinghe, 2008) and the 

specific application of electrohydrodynamic jetting for cell processing has 

recently been developed by Jayasinghe et al. (2006, 2008, Geach et al., 2009, 

Mongkoldhumrongkul et al., 2009).  

 

Briefly, the principle of electrospraying is as follows: A cell suspension is driven 

at a constant flow rate through a needle and accelerated using an electrostatic 

field to create droplets. The cell suspension is generally driven using a syringe 

pump but peristaltic pumps or other similar devices can also be used. Depending 

on the application this can be a single needle, an array of needles or 
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concentrically arranged needles with various solutions or suspensions in the 

different flow layers. At a given distance from the needle, an electrode is placed 

with its shape dictated by the application. A high voltage power supply is then 

used to apply a potential difference between the needle and the electrode. 

Depending on the electric field strength, the liquid is drawn out of the needle and 

formed into a jet which breaks up creating a spray. By changing the properties of 

the liquid, the flow rate and electric field as well as the needle and electrode 

geometry, the resultant spray and spray modes can be controlled. 

 

 

Figure 8: An idealised setup of an EHDA system. A liquid is driven through a needle 

and is accelerated by a high voltage electric field between the needle and the 

electrode. 

Using a high voltage direct current, a strong electric field is created between the 

needle and the electrode. Depending on the magnitude and shape of the electric 

field, the suspension will, instead of dripping, start to spray at different modes. 

For the purposes of electrohydrodynamically spraying cells, the cone jet mode is 

widely considered to be the most useful as it provides a stable flow of minute 



   

  36 

droplets, each containing a small number of cells. Varicose instabilities cause 

waves to occur on the surface of the elongated jet leading to a breakup of the jet 

at the nodes and the formation of approximately equal sized droplets (Jaworek 

and Krupa, 1999). In many spray modes, kink instabilities which occur during 

unstable jetting will cause the jet to change its angle and axis erratically and 

uncontrollably. The spray mode and droplet distribution is highly dependent on 

the properties of the liquid used. Pure water for example remains in a stable jet 

for only a few millimetres (Jaworek and Krupa, 1999). If a cell suspension is 

jetted by itself, jet instability occurs due to the large electrical conductivity 

(Jayasinghe and Townsend-Nicholson, 2006). To overcome this and to achieve a 

stable jet of mono-distributed droplets, the suspension can be sprayed in a 

concentric needle arrangement with the cell suspension in the inner needle and 

a medical grade silicon oil of high viscosity and low electrical conductivity in the 

outer needle. In previous experiments by this group, medical grade silicon oil 

(PDMS) has been used to achieve stable jetting modes as shown previously by 

Jayasinghe et el (2006). During spraying, the PDMS will form an outer layer 

around the droplets containing the cell suspension thus allowing for stable 

jetting in the cone jet mode. Around the needle, recirculation of minute droplets, 

too small to contain cells or other material, can be observed (Hartman et al., 

2000). These droplets can return to the liquid cone at the tip of the needle. 

Depending on the spray mode, during the creation of the main droplets the 

formations of smaller satellite droplets can sometimes also be observed. These 

are larger than the recirculating droplets but significantly smaller than the main 

droplets and will spray erratically due to the forces on them from the electrodes 

and other, larger droplets. If all parameters are set correctly, this allows the 
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creation of a near-mono distribution of droplets as shown previously by this 

group (Jayasinghe and Townsend-Nicholson, 2006). 

2.3.3.1 Cell Viability using EHDA 

A large part of the establishing work on the viability of electrospraying as a tool 

for cell biology is being carried out by the UCL BioPhysics group, the group in 

which this research is being carried out. Viability of different types of cells 

ranging from primary cell to embryos and stem cells has been analysed using 

FACS scans (fluorescence activated cell sorting), RT/PCR (real time polymerase 

chain reaction), and surface molecule studies. This has been shown on different 

scales from entire embryos (Clarke and Jayasinghe, 2008) and individual cells 

(Eagles et al., 2006) all the way to the genetic level (Barry et al., 2008, Hall et al., 

2008). The cells are generally shown to be unperturbed when compared to the 

control samples. These studies clearly demonstrate that the process itself has no 

detrimental effect on any scale on the cells. 

2.3.3.2 Modes of EHD Spraying 

Jaworek and Krupa have classified the types of electrohydrodynamic atomisation 

into a number of distinct modes (Jaworek and Krupa, 1999). Each of these modes 

will result in different distributions of droplet sizes and deposition patterns. 

With increasing potential difference between the needle and electrode, the liquid 

is drawn out towards the electrode resulting in these spray modes. However, not 

all spraying modes can be obtained using any given setup and liquid as the 

modes depend not only on the potential difference but other factors such as the 
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liquid properties, particularly viscosity and conductivity. These spray modes are 

summarised in schematic form in Figure 9. 

 

Figure 9: Modes of electrohydrodynamics atomization, adapted from Jaworek and 

Krupa  (1999). The modes shown are the generally accepted standard spray modes. 

There are many additional manifestations of unstable and hybrid spray modes which 

occur depending on spray properties. Not all spray modes can be achieved with any 

given liquid or setup. Micro dripping and spindle modes (B & C) are the main modes 

that can be used with alginate solutions. Cone-jet (F) is one of the most useful modes 

as it is stable and results in small droplets and deposits but it is not possible to 

achieve this mode with some liquids such as the alginate solutions used. 

Dripping Mode (A) signifies the normal dripping that occurs due to the flowrate 

without any voltage or other external force applied to the liquid. The size is 

determined mainly by the nozzle geometry while the droplet frequency is 

determined largely by the flow rate. As an increasingly large potential difference 
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is applied, the droplet frequency increases and droplet size decreases. This mode 

is defined as microdripping (B) which generates smaller but generally 

monodisperse droplets with decreasing size and increasing frequency as the 

electric field increases. As the voltage is further increased, depending on the 

properties of the liquid and the setup, a variety of spray modes can be observed. 

The spindle mode (C) consists of elongated fragments of a liquid jet with 

spindles released from the liquid cone. The liquid fragments can then either form 

large droplets or disintegrate into smaller droplets. Similarly, multi-spindle 

mode (D) consists of multiple such fragments being ejected around the axis. Both 

these modes generally result in highly polydisperse distributions. The ramified-

meniscus mode (E) is an unstable jetting mode during which irregular short jets 

are ejected in seemingly random directions which creates liquid fragments and 

droplets of varying sizes. The cone-jet mode (F) is a stable mode in which a jet 

forms from the tip of a liquid cone formed at the tip of the nozzle and breaks into 

very fine droplets. As a result of its stable nature and very fine droplet sizes, this 

is arguably the most useful and desirable spray mode as it can produce a stable, 

very fine spray for which deposition can be controlled fairly easily. Positional 

control can be achieved by the use of a 2D or 3D stage or through the use of a 

secondary electric field to direct the charged droplets. This leads to it being 

commonly used in printing and rapid prototyping applications. Oscillating jet (G) 

mode creates a fine spray by forming a jet from the tip of the liquid cone, the 

direction of which oscillates and shows instabilities which breaks up the jet into 

finer droplets further away from the cone. However, unlike cone-jet, the spray 

pattern and deposits are less predictable and controllable. Similarly, in 

precession mode (H) a jet is created from the tip of the cone and spins in a spiral 
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around the capillary axis breaking into fine droplets due to instabilities. Near the 

upper end of the possible voltage range, before sparks or arcing occur, the multi-

jet mode (I) occurs. In this mode, no liquid cone is present and a number of small 

jets can be seen forming at the rim of the capillary. The results are fine droplets 

distributed in a wide spray which makes it useful for applications such as fine 

spray coatings. Ramified jetting mode (J) also occurs at very high field strengths. 

In this mode, a large central jet forms from the tip of the liquid cone which splits 

into a number of smaller jets that break up into fine droplets. Some of the 

individual sub-jets can manifest similarly to other spray modes.It should be 

noted however that these theoretical spray modes are only valid for a 

homogenous single medium. Additionally, not all spray modes can be achieved 

with every liquid. 

 

While for this research, the same theory and framework is still applicable the 

actual results such as spray modes and droplet sizes from spraying will vary 

considerably from the standard case depending on additional factors such as the 

materials, cells or other contents in the liquid to be encapsulated. The initial 

approach to this research was to attempt to re-suspend existing microspheres in 

another liquid to spray and re-encapsulate these to create additional layers 

which will introduce further unpredictability into the system compared to the 

standard model. Additionally to the particle sizes and materials encapsulated 

within the hydrogel, several other parameters are restricted to certain ranges 

applicable to physiological conditions. For instance, liquid properties such as 

viscosity can be affected by varying the liquid and ambient temperatures, 

however this is limited as the temperature should be held as close as possible to 
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37°C with temporary cooling closer to room temperature (about 22°C) being 

tolerable but not desirable. The concentration of alginate is limited on the lower 

bounds by a critical minimum concentration required to instantaneously form 

alginate hydrogel spheres upon entering the solidifying solution. On the upper 

bounds, it is limited by the increasing viscosity which needs to remain in a 

workable spectrum and eventually by solubility. Viscosity can theoretically be 

changed by changing the pH of the alginate solution used. In practice however, 

when using live cells, this needs to be kept at a pH of approximately 7.2 using a 

buffer to ensure biocompatibility. 

 

 

Figure 10: Diagram of the forces during the microdripping mode after Jaworek and 

Krupa (1999) 

The figure above illustrates the main forces on a droplet during the 

microdripping mode of electrospraying. Some of the forces and thus the 

resultant spray can be influenced by changing the initial settings of the 

experiment. For example, changing the concentration of the alginate will change 
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both viscosity and surface tension. The concentration of ions in the liquid will 

affect the charge each droplet carries and its related force. The voltage as well as 

the electrode geometry and distance between needle and electrode will define 

the shape and strength of the electric field and thus the electrostatic forces. It is 

because of limitations of the ranges within which some of the variables can be 

changed that the number of spray modes accessible is very limited. 

2.4 Encapsulation and Layering Materials 

2.4.1 Alginate 

The most widely used and readily available material for encapsulation is 

alginate, a hydrogel with excellent biocompatibility, which can be readily 

processed using electrospraying. Alginate can be used for a wide variety of 

applications. It was first described in the 19th century by Stanford (1883) and has 

since become a widely used material in various areas from the food industry 

(Glicksman, 1987) to regenerative medicine (Del Guerra et al., 2001). It is a 

natural flavourless thickener, in its various forms classified as food additives 

E400-E405, which is commonly used in culinary applications. In its natural form, 

found in brown algae, alginate occurs mainly in the cell walls and intercellular 

spaces where it consists of an insoluble mix of calcium, magnesium, sodium, and 

potassium salts (Haug and Smidsrød, 1967). Alginate as a natural polysaccharide 

is traditionally extracted from brown algae but more recently also from bacteria 

(Silva et al., 2007). Bacterial production of alginate allows higher production 

yields and better control over the molecular structure. The molecular chain of 

alginate is formed of two basic building blocks, mannuronic acid (M) and 
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guluronic acid (G). The combination of M and G blocks, both in relative quantity 

and in their arrangement, influences the properties of the alginate and the 

resultant hydrogel. The exact combination of M and G blocks depends on many 

factors and can vary between species as well as between different constituents of 

an individual plant (Andresen et al., 1977).  

 

   

Figure 11: Alginate in powder (a) and gel forms (b, c). (b) shows a high M alginate, 

(containing a majority of M blocks), while (c) is a high G alginate. 

Different alginates will vary in their makeup on the molecular level in terms of 

molecular length and ratios of G to M blocks. Both factors can affect the overall 

physical properties of an alginate solution and the resulting hydrogel. To form a 

hydrogel from a sodium alginate solution, it is only necessary to bring it into 

contact with di-cationic ions. The most commonly used are alkaline earth metals, 

i.e. 2+ ions of either Barium, Strontium or, most commonly, Calcium. This simple 

gelation process allows it to be widely used with relative ease compared to other 

materials. The concentration and choice of gelling ion can significantly affect the 

overall physical properties of the hydrogel (Morch et al., 2006). Morch et al. 

analysed the effects of both the choice of gelling ion and its concentration and 

found that Calcium, most commonly used because of its high biocompatibility 
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and low toxicity, produces the weakest hydrogel. Strontium and Barium 

especially led to the formation of gels with a significantly higher Young’s 

Modulus. Even very small quantities of Barium such as 1mM added to a 50mM 

Calcium solution resulted in an increase of up to 81% of the elastic modulus for 

high G-content alginates. As this demonstrates, changing one or more of the 

gelling parameters can significantly alter the resultant hydrogel. This is 

especially important when creating structures that are required to last for a 

prolonged time period under difficult conditions such as xenografts. For the 

purposes of this research however, tougher encapsulations may not be necessary 

and it may be preferable to work without Barium as this can be toxic to cells and 

could influence the delicate biochemistry of the stem cells. As the gelling ion 

concentration has very little effect on the actual shape and size of the structures 

created, this is an issue that can most likely be decided on grounds of cell 

biological rather than engineering criteria. 

 

Additionally, alginate is poly-anionic which allows the adsorption of additional 

layers using a layer-by-layer methodology. The adsorption process requires a 

polycationic substance such as poly-styrene sulfonate (PSS), poly acrylic acid 

(PAA) or poly-l-lysine (PLL). Out of these, PLL is the most widely used and in the 

specific case of these experiments, was found to be the only material which 

performed the required function of layer adsorption as well as tag attraction and 

retention without a destructive effect on the alginate spheres or cells. 



   

  45 

2.4.1.1 Chemical Composition 

Term name ‘Alginate’ covers a group of linear binary copolymers of (1�4) 

glycosidically linked α-L-guluronic acid (G) and its C-5 epimere, the D-

mannuronic acid (M) residue (Smidsrød, 1974). The relative amount and 

arrangement of these two building blocks depends on the origin of alginate used 

and can differ within a single plant or between species (Andresen et al., 1977). 

The chains are usually described as consisting of homopolypheric M or G blocks, 

denoted MM and GG or MG blocks where the two building blocks alternate. The 

binding of the crosslinking ions depends on the localised chemical structure of 

these blocks with G units being the preferred binding sites for divalent cations 

(Morch et al., 2006). The stiffness of the gel depends not only on the strength of 

the bonds but also the shape and degrees of freedom so that overall, gels 

increase in stiffness depending on the building blocks. Chains made up 

overwhelmingly of MG blocks generally result in the weakest gels, while MM 

create stronger gels and chains predominant in GG blocks result in the strongest 

gels (Smidsrød et al., 1973, Stokke et al., 1993, Dentini et al., 2005) 



   

  46 

 

Figure 12: Chemical structure of alginate chains and molecular building blocks. The 

images shown are ball-and-stick CPK coloured models rendered by Matlab. Each 

sphere indicates the position of an atom where carbon atoms are grey, oxygen red 

and hydrogen white. 

2.4.1.2 Alginate Gelation  

Alginate cross-links when exposed to divalent cations in a solution. The most 

commonly used cations are calcium, barium and strontium. The cations bind to 

the G-blocks of the alginate thereby forming a gel and thus the ratio of M to G 

blocks influences the crosslinking and consequently mechanical properties of the 

gel. Alginate’s affinity toward the different divalent ions has been shown to vary 

with elements of higher atomic number generally having a stronger affinity. Lead 

has the strongest affinity but is rarely used due to its toxicity. Elements of the 

alkaline earth metal group are most commonly used as they form a good gel and 

are relatively safe and readily available (Smidsrød and Haug, 1968, Haug et al., 
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1967).  Generally, for encapsulations of cells and other biological applications, 

Calcium is the most widely used ion as it is non-toxic in the quantities required 

and already present in most cell media and many buffers.  

 

Figure 13: Molecular structure of two alginate chains showing cross-linking with 

Calcium ions. The image shown is a ball-and-stick CPK coloured model rendered by 

Matlab. Each sphere indicates the position of an atom where carbon atoms are grey, 

oxygen red and hydrogen white. The cross-linking Calcium ion is shown as green 

spheres. Bonds between Calcium and Alginate are not shown. 

Strontium and Barium are also used for some applications if stronger gels are 

required. Morch et al. achieved a significant increase in Young’s Modulus for the 

gels by addition of only small quantities of other ions (Morch et al., 2006). It was 

found that while 20mM Ba2+ would give the strongest capsules, adding as little as 

1mM Ba2+ to a 50mM Ca2+ solution already increased Young’s Modulus by as 

much as 81% using a high G alginate. Strontium was observed to have similar 

but weaker effects. However, using high M alginate, the Sr2+ ions appeared to 

have a negative effect on the gel strength (Morch et al., 2006). While stronger 

gels may be of interest to transplant applications, for purposes of cell culturing 

such as is the aim of this research, Calcium alone creates a sufficiently strong and 

durable gel so that Strontium or Barium are not generally necessary. 
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2.4.2 Poly-L-Lysine (PLL) 

One of the most commonly used materials to create layers or immunoprotective 

coatings on alginate spheres is Poly-L-Lysine (PLL). This is a homopolymer 

generally produced by bacterial fermentation. In addition to being useful for 

forming protective membranes, PLL is also commonly used in tissue culture to 

coat surfaces such as culture wells or slides for improved cell adhesion (Richert 

et al., 2002). PLL in aqueous solution is poly-cationic (positive) and can thus be 

used for chemical adsorption onto poly-anionic (negative) materials such as 

alginate (Peyratout and Dahne, 2004). This molecular adsorption effect can be 

used to create multi-layered microcapsules containing cells or cells clusters. 

Much research is focussed on protecting encapsulations of islets of Langerhans 

using this kind of alginate-PLL system (Clayton et al., 1993). As Clayton notes, 

there are a number of challenges within this research field such as optimisation 

of the alginate-PLL layers to allow nutrients and insulin to diffuse while blocking 

antibodies and other components of the host immune system to provide 

localised immunosuppression. However, immunosuppression is not of concern 

to this research as culturing under sterile cell culture conditions where no 

rejection or immune reactions occur. 

2.5 Multishell Structures 

The idea of multi-layer micro- and nanoscale structures has been around for a 

long time. A review by Zhao and Jiang (2009) list and classifies different types of 

multi-layer and multi-core structures and divides these materials into three 

distinct groups, as illustrated in Figure 14, adapted from their paper. The target 
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structure of this research would be referred to as a third generation multishell 

structure in this classification scheme. As an added difficulty however, the 

intention is not simply to create empty multishell spheres but to encapsulate or 

layer cells, cell clusters or microcarriers seeded with cells into the inner core of 

the multilayer structure while also adding tagging materials into the outer 

layers.  

 

Figure 14: Types of multilayer materials. (a) first generation one level structures, (b) 

second generation structures two level structures, (c) third-generation multilevel 

structures.  Adapted from Zhao and Jiang (2009) 

Such multilayer constructs are also referred to as ‘Onion Structures’ (Blanco and 

López, 2006). However, most of such structures in the literature are for 

inorganic applications and use very harsh production methods such as colloidal 

templating that could not be applied in the context of cell biology applications 

(Caruso et al., 1998). This method involves chemically forming coating layers on 

an existing solid template and subsequently chemically or otherwise removing 

the initial template leaving the coatings intact. Other examples of such structures 

include different types of oxide multishell structures, such as the SnO2 multilayer 

particles created by Lou et al. (Lou et al., 2007). 

 

solid hollow macroporous
core-in-

hollow-shell
multishell multichamber

a b c
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2.6 Layer-by-Layer (LbL) Coating 

A number of different multi-layer coatings are described in research papers and 

usually involve adding a number of layers at creation of the microsphere. Often, 

this also involves destructive processes or templating. However, it is possible to 

apply a similar approach for biological applications using a polyelectrolyte 

adsorption. There are several methods based on different materials for the initial 

sphere and the coating materials. For the context of alginate encapsulations, a 

common polyelectrolyte used for coating and creating multilayers is Poly-l-lysine 

(PLL) (Strand et al., 2003). Alginate is an anionic polyelectrolyte while poly-l-

lysine is cationic so that the two materials are attracted to each other. This 

allows additional layers of alginate or PLL to form on top of a existing layer of the 

opposite polarity as illustrated in Figure 15 adapted from Peyratout and Dahne 

(2004). Repeated alternating exposure of an initial alginate sphere to solutions 

of PLL and alginate can thus be used to create a solid core sphere with multiple 

outer layers. The alginate core can then optionally be dissolved by removing the 

cross linking divalent ions leaving behind a spherical membrane around a liquid 

core. This can be achieved by adding a chemical such as sodium citrate or EDTA 

as the Calcium usually used has a higher affinity to this and will be removed from 

the alginate, thus destroying the links  between the molecular chains. This allows 

the alginate to return into an aqueous solution which results in the now liquid 

core slowly diffusion out to leave behind a hollow liquid core structure. 
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Figure 15: Polyelectrolyte adsorption, adapted from Peyratout and Dahne (2004). 

The initial alginate microsphere has a anionic surface upon which the polycationic 

PLL can form a layer through adsorption. After adsorption, excess PLL solution is 

washed off before the beads, which now have a cationic surface, are placed in a 

solution of polyanionic alginate which creates another layer through adsorption. 

These steps can be repeated to add additional layers. 

There are a number of other polyelectrolytes that can be used apart from the 

alginate-PLL system. For example, poly(styrene sulfonate) (PSS) and 

poly(allylammine) (PAH) were used by Dahne et al. (2003) in combination with 

fluorescent dyes to create a library of colour coded multishell spheres intended 

for use in combinatorial analysis or optical sensors. However, these multi-layer 

structures are generally created using conditions that are unsuitable for live 

cells. This research aims to adapt the existing layering methods and combine 

them with electrospraying to create multiple layers containing tagging materials 

around a hydrogel sphere containing live cells during a CombiCult experiment. 
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2.7 Applications of Alginate Encapsulations 

Alginate is used for a wide variety of applications from food additive to 

medication and biological research (Glicksman, 1987, Rajaonarivony et al., 1993, 

Del Guerra et al., 2001, Qi et al., 2008, Wang et al., 2009b). The dominant use of 

alginate in biomedical research is for the encapsulation of cells and particularly 

islets of Langerhans (Sun, 1988, Chang, 1999, Basta et al., 2004, Patel et al., 

2008). The idea of encapsulating cells has been around since the 1960s and is 

generally attributed to Chang who suggested encapsulating aqueous solutions of 

biological materials within polymer membranes to create artificial cells (Chang, 

1964). Research in this field has progressed greatly since and the main focus of 

most research has been immunosuppressive encapsulation of cells for allo- or 

xenotransplantation. This is to protect the encapsulated cells from the immune 

system of the host body. The most common example of this is the encapsulation 

of islets of Langerhans, responsible for producing insulin. This allows the islets 

to be transplanted from a donor or even a different species into a host which has 

lost the ability to produce insulin and is thus suffering from Type I Diabetes  (Del 

Guerra et al., 2001, Sun, 1988, Koo et al., 2008).  For example, Sun et al. 

encapsulated islets of Langerhans from rats and dogs in alginate beads of 

approximately 700 μm using an aerodynamically assisted jetting method and a 

1.1% calcium chloride solution as the crosslinking agent. After solidification and 

washing with cyclohexylaminoethanesulfonic acid (CHES), the islets are then 

coated with Poly-L-Lysine (PLL) by suspending them in a 0.05% solution. The 

islets were then assessed in vivo and also in vitro after xeno-transplantation. The 

encapsulations showed excellent diffusive properties to allow nutrients to enter 
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and insulin to leave the capsules, while the capsules remained intact in the host 

animal for a mean of 80 days. 

 

The encapsulation of individual islets in alginate allows for relatively simple 

injection instead of full organ transplantion to alleviate the symptoms of type I 

diabetes through direct insulin production from the islets (Sun, 1988). One of the 

main obstacles that need to be overcome for the successful long term 

transplantation of islets is the immunosuppression of the host immune response 

to the foreign cells and much progress has been made in this direction. 

Immunosuppression in this case is generally through direct protection of the 

implanted cells through encapsulation and membrane materials rather than 

broad spectrum immunosuppressive drugs which have severe side-effects for 

the patient. For example, Basta et al. have successfully encapsulated and 

transplanted islets isolated from a human donor into multiple patients which 

allowed their blood sugar levels to improve with a significantly reduced need for 

injected insulin over a period of several months (Basta et al., 2004).  

 

In addition to being able to encapsulate individual cells or small clusters of cells, 

it is also of interest to this research to be able to encapsulate microcarriers 

seeded with cells. Microcarriers have been encapsulated previously by other 

research groups using various means. For example Del Guerra et al. used 

aerodynamically assisted jetting, also known as flow-focussing, (Del Guerra et al., 

2001) while another group injected agarose gel into a mould gel (Wang et al., 

2009a). Del Guerra et al. seeded dispersed bovine pancreatic islet cells onto 

porous CultiSphere-S microcarriers and allowed cells to settle into the carrier. 
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These were extruded with a crude 3% alginate solution using a co-flow of air, 

similarly to other flow focussing techniques, into a 100mM calcium chloride 

bath. After solidification and washing, the beads were coated with PLL to aid 

immunosuppression by suspension in a 0.1% solution. The authors notably did 

not supply size data or images of beads or the percentage of successful 

encapsulations, but simply quoted a size of approximately 600 to 800 μm 

diameter. Viability was reported to be 90%, measured by Trypan blue staining. 

The encapsulated cells did produce insulin in response to glucose, as would be 

expected from a fully functional islet. The insulin production was also shown to 

be significantly higher for intact islets than islet cells seeded onto the 

microcarriers which emphasises the importance of cell clustering on their 

function.  Wang et al. also compared the function of anchorage dependent cells 

encapsulated as dispersed individual cells to cells seeded onto microcarriers. 

They came to similar conclusions with the result showing poor survival and 

function of dispersed osteoblasts in an agarose gel compared to significantly 

better viability and functionality when seeded onto microcarriers before 

encapsulation. There is no data for size and distribution, but it is evident that 

their encapsulations are of the order of several millimetres at best as the quoted 

volumes of 80-100μl equate to approximately 2.6-2.8 mm diameter spheres. 

 

Unfortunately, most of the existing research targets primarily viability and 

functionality and shows little investigation or measurements of sizes and 

distributions of the capsules. They generally also only create a single layer 

containing materials with optional additional immunosuppressive layers. In this 

research however, the main aim is not immunosuppression but instead the focus 
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lies on creating multiple layers containing different materials. This will be mainly 

fluorescent spheres in each layer to encode the information required for the 

combinatorial analysis. While there is some literature on the creation of 

encapsulations with immunoprotective layers, there appears to be no previous 

literature on using such live cell containing structures for the direct encoding of 

information as proposed in this research. 

 

2.8 Viability of Encapsulations 

Alginate encapsulations of various shapes and sizes, both with and without 

coatings, have been widely shown to support fully viable cells (Basta et al., 2004, 

Ma et al., 2003, Peirone et al., 1998). Because of this biocompatibility and the 

high viability of encapsulated cells alginate is still the most commonly used 

encapsulation material, in addition to being one of the most established. 

 

For alginate-ploy-l-lysine-alginate (APA) microcapsules, such as those used as 

part of this research, both anchorage dependent and independent cells are 

reported to have viability comparable to that of a monolayer culture for a variety 

of different cells (Zhang et al., 2006). Additionally, if cultured for a longer period 

of time, Zhang et al. found that viability actually drops for cells in monolayer or 

suspension. Cells encapsulated in liquid or solid core spheres on the other hand 

maintain a higher viability and can thus be cultured for a longer time period. 

However, a lower metabolism rate for encapsulated cells has been also reported, 

possibly due to decreased diffusion. Consequently, some experiments such as 

differentiation or the production and secretion of growth factors and other 
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chemicals might require additional culturing time or a larger initial number of 

cells in the culture to yield significant results. 

 

Some groups such as Ma el. al have shown that not only can stem cells be 

encapsulated at a high viability but they also differentiate as expected (Ma et al., 

2003). The group managed to direct Mesenchymal Stem Cells (MSCs), which 

were encapsulated and cultured within alginate microspheres, to differentiate 

into chondrocytes. The cells were recovered by dissolving the alginate using 

EDTA. While the differentiation and expression of markers and genes was not 

significantly different to a control culture, it is worth noting that the total yield of 

cells is stated to be lower as some cells are lost during the recovery from the 

alginate beads. 
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3 Materials and Methods 

3.1 Alginate 

All alginate was purchased from FMC Biopolymer. Unless stated otherwise, the 

alginate used is Protanal LF 10/60 sodium alginate. This type of alginate has a 

ration of  � �� = ����	��

������ with a 1% solution at 20°C having a viscosity of 

20-70 mPas with an average powder particle size of 250 μm. All solutions were 

sterile filtered using a 0.22 µm Supor filter (Pall) to remove any undissolved 

particles of alginate as well as any contaminants, both biological and otherwise.  

 

Due to the increasing viscosity with increasing concentration of alginate, it is 

only possible to process liquids of up to about 5% alginate using large diameter 

needles and up to about 2% using the smallest needle diameters.  

3.2 Cross-linking Chemicals 

Barium Chloride (BaCl2, ≥99%, dihydrate), Strontium Chloride (SrCl2, ≥99%, 

hexahydrate) and Calcium Chloride (CaCl2, ≥99.0%, dihydrate) were purchased 

from Sigma Aldrich UK. Crosslinking solutions were prepared with deionised 

water and unless stated otherwise are 200mM CaCl2. As described earlier, other 

chemicals such as lead could theoretically also be used but these generally offer 

no significant advantages and are normally avoided also due to considerations 

such as toxicity and cost. It was thus deemed outside of the scope or research to 

experiment with additional cross-linking chemicals. 
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3.3 Encapsulator 

While some experiments have been done using custom equipment for 

comparison, encapsulation is generally performed using a Nisco Var-V1 

Encapsulator (Nisco Engineering AG, Zurich, Switzerland), kindly donated by 

Nisco Engineering Ltd. The encapsulator contains a high voltage power supply, 

capable of supplying up to 10 kV, and a needle assembly which uses luer lock 

interchangeable needles so that nozzle diameter and geometry can be varied 

easily. Nozzle sizes from are available in sizes ranging from 0.2mm to 2.0mm 

diameter with both flat and chamfered edges. The droplets are solidified and 

collected in a beaker inside the encapsulator which is generally stirred slowly by 

a built-in magnetic stirrer. The encapsulator assembly includes a safety cover 

with electrical switches to prevent the unit from operating while open. The 

overall setup of the encapsulator can be seen in Figure 16.  

 

 

Figure 16: Nisco Encapsulator Var-V1 as used in most experiments. The syringe pump 

and encapsulator are placed in a laminar safety cabinet. The alginate suspension is 

pumped by the syringe pump through silicone tubing into the grounded spraying 

needle. This needle is interchangeable. Below the needle are a high voltage electrode 

and the collection vessel in which the beads are cross-linked and collected. 
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The flow of alginate suspension containing cells and other materials is supplied 

through silicone tubing by means of a Harvard 4400 syringe pump (Harvard 

Apparatus). This type of single syringe programmable precision pump is capable 

of providing exceptionally accurate and steady flow rates, even at extremely low 

rates, and can also provide very high pressures if required. For the purposes of 

these experiments, the syringe pump was calibrated for use with standard 10ml 

syringes. 

3.4 Encapsulation Method 

The following is an outline of the general approach and steps involved in 

encapsulating cells in alginate. Exact settings and concentrations can vary 

between experiments but some sample settings can be found in Table 1 at the 

end of this section.  
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Figure 17: Diagram illustrating the main steps in the encapsulation method and 

materials used. Liquids are generally sterile filtered and equipment is autoclaved 

where possible or else sterilised with ethanol. (a) is the preparation stage which, 

depending mainly on the cell culturing, can take several weeks. In (b), the equipment 

is setup and sterilised and chemicals, media and reagents are prepared. This can be 

done on the encapsulation day or in advance. The actual encapsulation process (c) 

will take around a few hours, depending on the number of encapsulations to be 

created. 
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First, an alginate solution is be prepared, usually 24h in advance to ensure 

complete homogenisation of the solution. Alginate powder is weighed out and 

added to phosphate buffered saline without calcium or magnesium. Dissolving 

alginate in a buffer is preferable to using distilled water as it is isotonic and has a 

neutral pH which will be more supportive of live cells when compared to 

distilled water. The mixing ratio is generally determined by weight to give a 

mixture of between 1-5% w/v of Alginate. Generally, a concentration of about 

2% was found to give the best results. To allow the alginate to go into solution 

completely, it is left overnight on a magnet stirrer. To prepare the solidifying 

solution, Calcium Chloride dihydrate or a similar source of divalent ions is added 

to deionised water in the required quantity, usually 200 mM CaCl2. A magnet 

stirrer can be used but is not necessary as the calcium salt will dissolve readily in 

water. Once both solutions have dissolved they need to be sterilised by using a 

sterile filter unit with a filter of 0.2µm or less. Autoclaving the solution is also 

possible but may introduce problems such as depolymerisation of the alginate 

leading to different properties of the final hydrogel. Sterile filtering does not 

suffer from this and additionally not only eliminates biological hazards, but also 

removes any other impurities or inorganic contaminants such as dust. Care must 

be taken before filtering to ensure the alginate has dissolved completely, even on 

a microscopic level as otherwise some of the material will be lost in the filtering 

process. If this is the case, the concentration of the final solution could vary 

significantly from the measured initial quantities. For the many of the spray 

parameter experiments outlined in this chapter which do not require a sterile 

environment, autoclaving and sterile filtering were not performed. 
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The encapsulator itself is set up in a laminar safety cabinet and sterilised before 

use. An appropriate needle should be chosen and installed hand tight into the 

accelerator assembly using the luer lock. If not already in the assembly, an 

electrode needs to be inserted. The distance of the tip of the needle to the top of 

the accelerator electrode is set and adapted using the screw mechanism. The 

silicone tubing as well as the needle-electrode assembly can be autoclaved 

before the assembly is inserted into the encapsulator. The pipe and needle can 

additionally be flushed with 70% ethanol for further sterilisation and removal of 

dirt or debris. After ethanol has been put through the system, it should always be 

flushed thoroughly with PBS or deionised water. This is to avoid the alginate 

solution being exposed to ethanol. The encapsulator case and base can be 

cleaned and sterilised with 70% ethanol. Additionally, a syringe pump, correctly 

calibrated for the syringe type used, is required inside the laminar safety cabinet. 

Once the entire assembly is complete and sterilised, the high voltage power 

cables need to be connected and the screws tightened. A standard cylindrical 

crystallisation dish is generally used as a collection vessel in conjunction with a 

small magnet stirrer which is rotated through the build in magnet stirrer. This 

vessel is filled shortly before spraying with the solidifying solution prepared 

earlier and placed underneath the spray assembly to collect and gel the droplets. 

The electrode rod must reach into the liquid to ensure that there is no electric 

field between the accelerator electrode and the liquid and no build-up of charge 

in the liquid. 

 

Once the equipment is set up completely, the cell suspension can be prepared. To 

prepare the alginate cell suspension, first the cultured cells are recovered from 
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their culture vessel. If the cells are adherent cells, they will generally need to be 

trypsinised. Once the cells are in suspension in a culture medium or buffer they 

may be counted using a cell counter or haemocytometer to determine their 

quantity. The suspension is then spun down in a centrifuge at a centripetal 

acceleration of 1000G to form a cell pellet. The supernatant is removed from the 

tube leaving behind only the cell pellet with a minimal amount of liquid. A pre-

calculated amount of alginate based on the number of cells and the desired 

concentration of cells in the final encapsulations is then added to the centrifuge 

tube and the cells are resuspended directly in this PBS-Alginate solution. This 

suspension is then transferred into a syringe, connected to the silicone tubing 

and placed in the syringe pump. A second syringe is filled with plain alginate may 

be prepared to push through the entire sample of cell suspension to minimise 

the loss of cells in the dead space once the primary syringe is empty. The 

suspension is then, manually or by using the syringe pump, pushed slowly 

through the silicone tubing until the needle is filled. An appropriate flow rate is 

programmed into the syringe pump and the desired spraying voltage is set on 

the encapsulator. All electric connections are checked again visually before any 

spraying process to ensure safe operation of the equipment. The system is now 

ready to commence spraying. 

 

The voltage and syringe pump is turned on which starts the spraying process. 

While individual droplets are usually too small and fast moving to be seen, a 

spraying effect at the nozzle exit should be observable as well as a rapidly 

increasing number of visible hydrogel beads in the solidifying solution. Once the 

syringe containing the sample is depleted, a second syringe containing alginate 
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may be connected to the system and placed in the syringe pump to carry on the 

flow of the sample. If this is not done, a potentially significant amount of the 

sample may be lost in the dead space of the silicone piping. 

 

Once the entire sample is processed, the syringe pump and then the voltage 

source are turned off to stop the spraying process. The hydrogel encapsulated 

cell sample can then be recovered. The encapsulations should settle quickly at 

the bottom of the vessel and can be picked up using a serological pipette with a 

sufficiently large tip diameter, typically 10ml or 25ml. If the beads are placed in a 

Falcon tube, they can be left to settle at the bottom of the tube and the 

supernatant be removed. Once all beads have been collected in a v-bottom 

Falcon flask and most of the supernatant has been removed, it is possible to 

remove almost the entire liquid the beads are suspended in. This can be achieved 

by using a pipette with a tip diameter less than the size of the beads such as a 

1ml Pasteur pipette or a 200µl pipette tip. By ensuring that the tip is held against 

the side of the vessel, blocking of the tip can be avoided and almost the entire 

liquid the beads are suspended in can be removed so that only the liquid in the 

hydrogel and on its surface remains. Due to the nature of the hydrogel, the cells 

are not dried out by this process but it allows for very thorough washing and 

removing of media or buffers before adding a different one. A similar technique 

can be applied to alginate spheres in well plates. After removing the solidifying 

solution, the alginate beads are generally resuspended DPBS or cell culture 

medium and distributed into standard well plates for culturing. 
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The following table contains some example settings and values for 

electrospraying alginate encapsulations using the process outlined above. These 

values are only a guideline and are not single ideal combination of variables for 

every conceivable cell suspension or experiment. However, the values in the 

table have been carefully selected from extensive experimentation as a set of 

parameters which should yield reasonably sized and distributed encapsulations 

for a wide variety of experiments. This can then be taken as a starting point to 

optimise the parameters for any given experiment. 

 

Suspension 2% Alginate in DPBS  

Needle 0.7 mm chamfered end 

Flowrate 10 ml/h 

Field strength 7.5 kV 

Electrode Distance 1 cm 

Cross-linker CaCl2 200mM in deionized water 

Cell Concentration 4x106 per ml of alginate 

Table 1: Sample values for electrostatic encapsulation of stem cells 

3.5 COPAS Flow Cytometry 

The flow cytometer used is a Union Biometrica COPAS flow cytometer capable of 

handling beads of up to 1000µm. Using a computer controlled x/y-stage, samples 

can be sorted into well plates. The basic setup of the COPAS is similar to many 

other flow cytometers. The system uses two external solid state lasers to excite 

the sample. The main detector measures time of flight as well as extinction. 

Plotted against each other, these factors allow for the selection of particles by 
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size and shape. Fluorescence is measured separately by three detectors with 

appropriate filters for green, red and yellow fluorescence. 

 

 

Figure 18: Diagram of the flow cell of a COPAS bead sorter. The sample is focussed by 

flow focussing using a sheath flow of DPBS and analysed using two lasers. The 

extinction, time-of-flight as well as fluorescence of each microbead are measured in 

the flow chamber. Using this data and predefined conditions, some of the beads are 

sorted into a well plate on an x-y stage. To dispense a droplet, the diverter air flow is 

turned off momentarily which releases a droplet into the well plate placed 

underneath. 

In normal measuring operation, the sample flow is diverted by an airflow set 

underneath the exit of the flow cell. This discarded mixture of sheath and sample 

flow is extracted and collected. Using a cell strainer to avoid loss of the 

microbeads, it is possible to retrieve samples that are not sorted for repeated 

analysis. However, due to the strength of the laser light and its effect on the 

fluorescent antibodies, samples should ideally be measured and sorted only once 
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as the brightness of the fluorescence will dim with each exposure to the laser in 

the flow cell. 

 

When the software is in sorting mode and detects a microbead that meets the 

size gating criteria as well as the fluorescence criteria, the flow cytometer will 

create a droplet containing the sample in question and place it into the well of a 

wellplate on the x/y stage of the machine. To create the droplet, the sample 

diverter airflow which usually directs the sample and sheath flow away from the 

exit orifice of the system is momentarily deactivated allowing a droplet to drop 

directly to the wellplate placed below by the motorised stage. The system can be 

programmed to place one or more drops each into each individual well on the 

wellplate. 

 

When sorting alginate beads, care has to be taken to avoid the use of calcium free 

buffers or sheath flow. Generally, the sheath flow used is distilled water or PBS 

without Calcium. However alginate beads exposed to large amounts of calcium 

free liquids will dissolve which may lead to the destruction of the samples in the 

collection vessel. As alginate beads are stored in DPBS, there is also a theoretical 

problem of unpredictable light diffraction caused by the different optical 

densities of the sheath and core liquids. To avoid this, the sheath flow of the 

COPAS can be replaced with DPBS. 

3.6 Canto II Flow Cytometry 

The BD Life Sciences CANTO II system is a standard flow cytometer system 

which uses one or more lasers for excitation and octagonally arranged serial 
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reflectors to detect a large number of different emitted wavelengths. In the case 

of these experiments, often only one excitation and fluorescence frequency is 

used as tags used are fluorescent in the same wavelength. To be able to 

distinguish each tag type, both size of the tag, determined by forward and side 

scatter, as well as the brightness, measured by the intensity of individual events, 

is taken into account. For further experiments, this can be easily adapted to 

accommodate additional wavelengths, intensities or sizes to allow for a larger 

number of tags to be used for larger scale experimental matrices. 

 

To be able to read each tag within the sample as an individual event, the 

individual alginate encapsulations or microcarriers, sorted previously by COPAS 

or by hand, need to be dissociated and the contents of the hydrogel placed in a 

suspension.  

 

To dissociate microcarriers seeded with cells, concentrated hydrochloric acid at 

high temperatures was used. First, each positive bead is moved by pipette into 

PCR tubes leaving it in as little liquid as possible (<10µl). Once the samples are 

isolated, 10 µl of concentrated hydrochloric acid (37% HCl) is added to each PCR 

tube and the tubes are placed in a PCR thermal cycler where they are heated to 

65°C for one hour. This should destroy the microcarriers and cells entirely 

leaving behind only the acid resistant fluorescent tags. 

 

Alginate encapsulations are dissociated by liquefying the alginate gel and 

destroying the outer PLL layers to release its contents, cells and tags into 

suspension. To achieve this, each bead was placed in a 5ml FACS tube with the 
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minimum amount of liquid required to transfer the bead (less than 50µl, 

depending on droplet size). To digest the microcarrier, 1 ml Trypsin EDTA 10x 

(Sigma Aldrich) was added to each tube before sealing the tubes and incubating 

at 37°C for 24 hours. At the end of the cycle, the hydrogel and adsorption layers 

should be dissolved entirely while the cells and microtags remain intact. The 

tubes were then agitated by gentle vortexing (approximately 2500 RPM) and 

manual agitation. The resultant suspension is then analysed in the Canto II FACS. 

Gating based on the size of the microtags was used to exclude cell and other non-

fluorescent debris from the fluorescence analysis as well as to separate the two 

different tag sizes used. There is a large amount of debris on the initial plot 

where the size gating is performed as cells and other materials are not 

destroyed. However, this debris is not fluorescent and can thus be confidently 

excluded from the analysis as not being part of the fluorescent tags. 

 

Once the FACS samples are prepared, a calibration sample containing all the tags 

used in the experiment is run to check the sensor voltage setting and to set 

appropriate gates for the measurements of different sizes and intensities. Within 

the intensity plot for each tag size, the varying brightness steps are clearly 

visible. Counting gates can then be drawn up from this control sample to define 

the delineations between the intensities of different tags. This allows individual 

peaks in any subsequent sample to be identified as a specific fluorescent tags 

corresponding to a condition in the initial experimental matrix setup. This can be 

done through the Canto II software or in future through specialised software 

such as Plasticell’s Ariadne. However, this purpose-created software was not yet 

fully functional when these experiments were conducted. 
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3.7 Data Clustering and Software 

In an ideal case, there will be a large number of microcarriers which will after tag 

analysis be revealed to have gone through the same conditions in the same 

order. This would indicate with high probability a promising pathway which 

should be investigated in detail. However, the data set is usually more 

complicated and the number of coincident positive beads having passed through 

identical conditions is generally quite low. This requires a clustering approach to 

the data set to be able to obtain clear and useful results. 

 

Data clustering means that results that have one or more condition in common 

are grouped into clusters and analysed together against expected probabilities. 

For example, the occurrence of a number of ‘hits’ having all conditions in 

common might be very low in the data set but a large number of hits might have 

the same two initial conditions. This cluster probability can then be compared 

against the probability of the same number of beads showing the same size 

cluster if the data was randomly distributed. If the probability of the cluster 

being the result of random data is extremely low, this means that it is a 

statistically significant and thus interesting data cluster. This type of analysis is 

then repeated on each bead and each cluster and the most significant clusters are 

ranked. The result will be a list of pathways, some of which are complete 

pathways from matching hit, some of which are partial pathways from clusters, 

ordered by most to least likely to be a true successful pathway.  
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Figure 19: Diagram illustrating the clustering of pathway data. The thickness of the 

connective lines illustrates frequency. In this example, the condition E and I for stage 

2 and 3 respectively have a high chance of occurring together. This would indicate 

that these two stages are vital for the end stages of differentiation.  

The simplified example shown in Figure 19 illustrates the data for a matrix with 

three stages and three conditions per stage.  The thickness of each line illustrates 

the frequency with which a microcarrier in this fictional dataset has taken a 

certain partial pathway. From this, clustering and probability would suggest that 

E-I were the most positive final two stages of the pathway or differentiation 

protocol. For the initial stage, both conditions A or C might be considered 

depending on the actual numbers of individual beads on any given pathway and 

the statistical analysis.  

 

The analysis can be performed manually using a data analysis package such as 

Sigmastat or Matlab or can be done automatically by custom designed software. 

During these experiments, Plasticell was in the process of developing what is 

now known as the Ariadne software which automates the analysis, clustering 

and the selection of pathways for manual validation culturing. At the time, the 

A B C

D E F

G H I

Stage 1

Stage 2

Stage 3
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software was in an unstable alpha stage with limited functionality so while the 

software was used, all calculations and pathway selections were validated 

manually. At the time of writing, the software is now close to a beta version and 

is relatively stable with increased functionality. 

3.8 Cell Culturing 

3.8.1 Expansion 

To expand cells and culturing in a flat surface cell culture, standard cell culture 

protocols were followed. Cells are incubated at 37°C in 5% CO2. Culturing is 

performed in T25 tissue culture treated flasks with filter caps (BD Falcon), 

unless stated otherwise. For Mesenchymal Stem Cells the culture flasks were 

treated with CELLstart (Invitrogen) diluted 1:50 in PBS before culturing. Cells 

are fed using regularly refreshed medium. The refreshing of media is always 

performed every two days, except over weekends where it is performed on 

Friday and Monday. For media refreshing, 2/3 of the present medium are 

replaced with fresh medium. Washing of cells is done using PBS or DPBS, pH 7.2 

(PAA). To detach cells from the culturing surface, TripLE Express 1x (Invitrogen) 

was used. 

3.8.2 Split-Pool Culturing 

Before the CombiCult experiment, cells are cultured and expanded in standard 

cell culture flasks as described above. Once a sufficient number of cells has been 

cultured, the cells are then removed from the culture flasks and seeded onto 

Cytopore II macroporous microcarriers. To do so, they are placed in suspension 
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and cultured together with microcarriers in a well plate. The microcarriers are 

taken from a suspension, previously prepared according to the manufacturer’s 

instructions, and diluted in PBS to give a suspension containing approximately 

30 microcarriers per pathway as this number is calculated to be sufficient to 

allow the experiment to reliably cover all permutations. If the seeding and 

attachment of cells to the surface works well, the vast majority of the cells will 

seed onto the microcarrier. Macroporous microcarriers are used which allow for 

better cell attachment as the relative surface area is increased and cells can 

additionally migrate into the pores of the microcarrier. This helps to minimise 

the loss of cells during the culturing and split-pooling. 

 

Once the cells are evenly seeded onto the microcarriers, these are split into 

aliquots and distributed equally between wells. These are then cultured using 

different growth media for each condition of one or more duplicate wells. During 

their separate culturing, they are then ‘tagged’ using colloidal encoding. 

Micrometer sized fluorescent spheres are added to each well, with different 

colours, sizes or intensities for each different condition. These attach to the 

microcarriers by electrostatic attraction. The microcarriers carrier a positive 

surface charge while the tags are negatively charged and thus are attracted 

electrostatically to the surface of the microcarriers. Due to the macroporous 

nature of the microcarriers, the tags can be retained on the outside of the 

microcarriers as well as within.  

 

After the tagging is complete and the first culturing stage comes to an end, the 

microcarriers from each condition are carefully collected and washed multiple 
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times to remove any unattached or excess tags. All conditions are then pooled 

together into a single vessel and gently agitated to ensure good mixing. After 

washing and pooling, the microcarriers are once again split into individual 

aliquots for each condition of the next stage and cultured separately. 

 

For a three stage experiment, this tagging, pooling and splitting procedure is 

then repeated once more during the following week. During the final stage of the 

experiment tagging could be performed as before but it is not generally 

necessary to tag the conditions. After the final stage, all cell units remain 

physically separated in their individual conditions and the final condition of any 

given bead can thus be identified simply by which well it is located in. However, 

tagging this final stage is possible and can still yield advantages in certain 

situations, particularly if the workflow is streamlined and automated further. 

This idea will be covered later in more details. 

 

3.8.3 Fixing of Cells 

To fix cell cultures, first the culture medium is removed and the cells are washed 

three times in DPBS. The cells are then exposed to a 4% solution of 

paraformaldehyde (PFA) for 2 hours if in a flat surface culture and for 4 hours if 

in alginate hydrogel. After sufficient exposure, the excess PFA is removed and the 

cells washed three more times in DPBS following which they can be stored in 

DPBS. 
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3.8.4 Antibody Staining 

To allow for the optical observation of fluorescent markers or detection using 

flow cytometers, cells not containing a reporter gene need to be stained using 

antibodies. The following method assumes that cells have already been fixed 

using PFA as described above. Timings vary for the different culturing methods 

and are given in Table 2 following the description of the protocol. 

 

Before the staining, the cells are washed three times using DPBS to remove any 

medium. Once washed, the first step is to permealise the cells by exposing them 

to a solution of 0.1% Triton X-100 in DPBS. Cells are then washed twice in DPBS. 

Cells in 2D culture are also blocked using Elisa Ultrablock (AbD Serotec). Cells 

cultured in alginate beads are not blocked using Elisa Ultrablock but are washed 

and kept in DPBS with 2% added Bovine Serum Albumin (BSA). After blocking, 

the cells are washed four times before the primary antibody is added. Generally, 

antibodies are added at a concentration of 1:100 and diluted in DPBS, however 

this may vary for specific antibodies according to the manufacturer’s 

instructions. The antibodies are then left to diffuse over one or more nights. Once 

the desired exposure time has been reached, the antibody solution is removed 

and the cells washed four times. The secondary antibody solution is then added 

and the cells left for the antibody to diffuse and complete the stain. After the 

second antibody staining, cells are again washed four times and are now ready to 

be analysed or to be stored for later analysis. Once staining and washing has 

been completed, the cells remain in DPBS and can be refrigerated for extended 
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storage. The well plates containing the cells are kept covered with aluminium foil 

whenever possible to avoid unnecessary expose to light.  

 

 

Table 2: Commonly used values and timings for antibody staining. 

3.9 Other equipment 

Microscopy images and size measurements were generally obtained using Leica 

MZ10F Stereomicroscope with a transmitted light base and appropriate 

fluorescence filters or an inverted Leica microscope (Leica Mikrosysteme 

Vertrieb GmbH, Wetzlar, Germany). The images were measured and analysed 

using the Leica Application Suite. Electron microscopy was performed at the 

electron microscope suites of the Department of Archaeology and the 

Department of Anatomy (University College London). 

2D Culture Alginate Beads

Wash 3x DPBS 3x DPBS

Permealise 45 minutes 2 hours 0.1% Triton X-100

Wash 2x DPBS 2x DPBS + BSA

Block 45 minutes - Elisa Ultrablock

Wash 4x DPBS 4x DPBS + BSA

1° Antibody 24 hours 72 hours 1:100   1° AB

Wash 4x DPBS 4x DPBS + BSA

2° Antibody 180 minutes 24 hours 1:200   2° AB

Wash 4x DPBS 4x DPBS + BSA
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4 MSC CombiCult Experiment 

This stage of the research consisted of a full scale CombiCult experiment from 

start to finish in order to analyse the existing technique to be able adapt it for 

combination with electrospraying and layering techniques. 

4.1 Aims 

As part of the research and as a preliminary step to adapt the existing technology 

to the new encapsulation paradigm, a full CombiCult experiment was performed 

and analysed with respect to the proposed new technology. An experiment was 

devised to find a pathway for Mesenchymal Stem Cells (MSC) to differentiate into 

one of two cell types: Chondrocytes (cartilage tissue) or Osteocytes (bone 

tissue). These multipotent stem cells can turn into a number of final cell types, 

most of which form structural or connective tissues. MSCs are of particular 

interest to regenerative medicine as they can potentially be used to grow the 

structures and connective tissues needed to create a three dimensional artificial 

tissue or organ with full structural integrity. Such differentiation does not 

happen directly from MSC to final cell type but through several intermediate 

steps depending on the exact differentiation pathway, as detailed earlier. 

Consequently the experiment is set up to allow for three stage differentiation of 

different culture media to attempt to find the best medium or combination of 

chemicals for each stage of the differentiation process. 
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4.2 Setup 

Each stage contained 15 different conditions, thus giving a complexity of 

153 = 3375 pathways. To ensure that every pathway would be explored with a 

degree of statistical confidence, 30 microcarriers per pathway, i.e. 101,250 

microcarriers were used. This leaves the probability of the microcarriers missing 

any pathway completely in the order of 10-10. For details of the calculations see 

appendix 11.1, page 177. The experiment was chosen to contain mainly 

chemicals and small molecules such as could be used in therapeutic applications. 

The following table list the chemicals as well as the tags used for each condition 

of the combinatorial experiment. 

 

 

Table 3: Experimental Split-Pool Setup with chemicals and tags used. The final 

concentration of all chemicals used is given in the table. Tags are abbreviated by size 

and relative brightness. For example 5.6 denotes a tag of size 5 micrometers with 

relative intensity 6. 

The final culturing stage does not require encoding of information with tags as 

the microbeads are kept in their respective wells and are not pooled so the 

information about the final pathway step is retained by spatial encoding. This 

Condition Chemical Tags Condition Chemical Tags Condition Chemical

1 TWS119 (0.6 μM) 4.8 1 TWS119 (0.6 μM) 3.2 1 TWS119 (0.6 μM)

2 Bay K8644-4MG (2 μM) 4.9 2 Bay K8644-4MG (2 μM) 3.3 2 Bay K8644-4MG (2 μM)

3 Metformin (2 mM) 4.10 3 Metformin (2 mM) 3.4 3 Metformin (2 mM)

4 Carbamazepine (10 μM) 4.11 4 Carbamazepine (10 μM) 3.5 4 Carbamazepine (10 μM)

5 Progestone (0.2 μM) 4.12 5 Progestone (0.2 μM) 3.6 5 Progestone (0.2 μM)

6 VEGF Inducer (10 nM) 5.3 6 VEGF Inducer (10 nM) 3.7 6 VEGF Inducer (10 nM)

7 Cyclosporin A (2 μM) 5.4 7 Cyclosporin A (2 μM) 3.8 7 Cyclosporin A (2 μM)

8 Varapamil (5 μM) 5.5 8 Varapamil (5 μM) 3.9 8 Varapamil (5 μM)

9 Lithium Chloride (2 mM) 5.6 9 Lithium Chloride (2 mM) 3.10 9 Lithium Chloride (2 mM)

10 Asiaticoside (1 μM) 5.7 10 Asiaticoside (1 μM) 3.11 10 Asiaticoside (1 μM)

11 1α,25-Dihydroxyvitamin D3 (10 nM) 5.8 11 1α,25-Dihydroxyvitamin D3 (10 nM) 4.3 11 1α,25-Dihydroxyvitamin D3 (10 nM)

12 Phenotoin (10 μM) 5.9 12 Phenotoin (10 μM) 4.4 12 Phenotoin (10 μM)

13 Trolox (10 μM) 5.10 13 Trolox (10 μM) 4.5 13 Trolox (10 μM)

14 Trichostation A (100 nM) 5.11 14 Trichostation A (100 nM) 4.6 14 Trichostation A (100 nM)

15 Dorsomorphin (1 μM) 5.12 15 Dorsomorphin (1 μM) 4.7 15 Dorsomorphin (1 μM)

Split 1 Split 2 Final
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means simply that after the final differentiation stage, all microcarriers are left in 

their respective wells which are labelled with their condition. 

4.3 Split & Pool Culturing 

Cells were expanded in standard culture in to two T25 culture flask as detailed 

earlier (3.8.1, page 72). The general method of culturing, split-pooling and 

seeding was as outlined earlier (3.8.2, page 72). A haemocytometer count of the 

cells indicated a final number of approximately 4.9 x 106 cells. The cells are 

seeded onto microcarriers by mixing the MSCs in a suspension with prepared 

microcarriers. The microcarriers need to be prepared and autoclaved in advance 

to ensure both sterility and the absence of air bubbles within the porous 

structure. Given the number of beads, this works out to a value of approximately 

48 cells per microcarrier which is sufficient for cell culturing to proceed to the 

next stage. 

 

Figure 20: Micrographs of cells stained in neutral red 24h after seeding on 

microcarriers. Neutral red is a simple viability stain taken up by live cells which 

indicates that live cells have migrated into the macroporous microcarriers. 

The micrographs above illustrate the how seeded cells attach themselves into 

the porous microcarrier structure. The cells are stained with Neutral Red (Sigma 
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Aldrich) which enters live cells to create red staining. There are in fact more cells 

present in each carrier than immediately visible as the microcarriers are three 

dimensional constructs and thus many of the cells are not near the focal plane of 

the micrographs. 

 

Before the start of an experiment, the cells should ideally be distributed evenly 

between the microcarriers. After the seeding and optional initial culturing to let 

the cells settle or expand, the microcarriers are then divided into a number of 

aliquots according to the experimental plan, in this case fifteen, and each aliquot 

is placed a separate well and only one well was used per condition. Once the 

aliquots are distributed into their respective wells, the individual media are 

added to each well and the cells are cultured for seven days. 

 

The media were refreshed on days three and five of each culturing stage. The 

microsphere tags were added on day five together with the media change to 

allow time for them to attach fully into the porous microcarrier. The tags used 

(Duke Scientific) carry a negative surface charge while the microcarriers carry a 

positive charge. This electrostatic attraction, combined with the high porosity of 

the microcarriers allows for attraction and retention of the tags on and in the 

microcarrier. Tag retention is important not only to allow for high signal readout 

in the analysis stage but also to avoid noise in the data from tags that detached 

from their original microcarrier during the culturing and which may have 

attached themselves to a different microcarrier. To remove any excess tags 

which are not fully attached, the microcarriers are washed thoroughly with PBS 

at the split-pool stage. 
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On day seven, all microcarriers are washed, pooled and then split again for the 

next stage. First, the microcarriers from each well are rinsed extensively with 

PBS using a 70 μm cell strainer (BD Life Sciences) to retain the microcarriers 

while allow excess and loose tags to be washed away. About 100ml of PBS is 

used for each well of around 2-3ml initial volume. This ensures that any tags not 

fully attached to the microcarriers are removed. Once the contents of a well are 

washed, they are pooled together in a flask and mixed gently by manual shaking. 

Subsequently, the cell carriers are split into aliquots according to the 

experimental plan, in this case into 15 aliquots, as before and cultured with their 

new media. 

 

The entire process of culturing and split-pool is then repeated as often as 

detailed in the experimental plan. In the case of this experiment, this meant one 

further split-pool. Following this final split-pool, the cells are cultured for one 

week as before. However, instead of tagging and pooling at the end of this stage, 

the cell carriers are simply kept in their respective wells and fixed using 4% 

paraformaldehyde (PFA). This fixes all cells in their current state so that analysis 

can be carried out over the following weeks without any further biological 

changes to the cells. 
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4.4 Analysis 

4.4.1 Identifying Positive Beads 

After all beads have been fixed and the culturing has been completed, it is 

necessary to detect any ‘hits’ from the bulk of microcarriers which have been 

through the experimental matrix. A ‘hit’ is defined as a microcarrier with cells 

which have successfully differentiated into the cell type that was targeted by the 

experiment. To determine which cells have differentiated into the target cell 

type, in this case osteocytes or chondrocytes, the cells need to be fluorescently 

marked. Unless a reporter cell line was used, this is generally done by antibody 

staining. To do so, the cells are first permealised to allow antibody diffusion 

across the cell membrane and are then exposed to a primary antibody against a 

known marker for the target cell type. In this case, mouse anti-H Osteocalcin 

(R&D Systems MAB1419) was used to detect Osteocytes and rabbit anti-H 

Collagen II (AbD Serotec 2150-0060) to detect Chondrocytes. After this antibody 

preparation is given time to act overnight and the cells are washed using PBS, a 

secondary antibody preparation of anti-mouse and anti-rabbit respectively is 

used. This secondary antibody then creates and amplifies fluorescence within 

the cell if the primary antibody attached to the relevant marker. 

 

Once the cells on the microcarriers have been stained with antibodies and are 

thus fluorescently labelled, they can be observed under a fluorescent microscope 

with the appropriate filter to check each condition. A quick visual scan for some 

positively stained beads may be performed using a fluorescence microscope to 
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ensure that the antibody stain was successful and that there is in fact positive 

data. At this stage, it is also possible to select positive beads by hand using a fine 

pipette. However, this is prone to errors and selection bias. The preferred 

method is to use the COPAS flow cytometer which is capable of analysing 

particles and clusters up to millimetre size, as described earlier.  

 

Figure 21: Example COPAS plots from the MSC Combicult. The plot of extinction vs 

time of flight allows for gating of single microcarriers from doublets and debris. The 

second plot shows the sorting based on two fluorescent criteria. Beads of sufficient 

fluorescent intensity were sorted into a well plate. 

The flow cytometer uses two lasers for excitation and can measure the 

fluorescence in up to three colours. This allows for a maximum staining of three 

different fluorescent antibodies to detect three different cell types. However, in 

most cases the staining will be limited to one or sometimes two antibodies as is 

the case here. The COPAS cytometer can then be programmed to sort beads 

within defined gates into a multiwell plate. The collected microcarriers from 

condition are then run through the cytometer and individual microcarriers 

which are fluorescent in one or more frequencies sorted into wells. In total, 372 
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beads were identified as positive and sorted into well plates. Each of one these 

wells thus contains one ‘hit’ for which the conditions it was exposed to need to 

be determined using the tags attached to it during culturing. 

 

4.4.2 Tag Readout 

Microcarriers with positively differentiated cells are now be fluorescent and 

have been sorted into individual wells on a well plate. Examples of what positive 

microcarriers may look like are shown below.  

 

Figure 22: Micrographs of microcarriers stained with two different antibodies 

creating positive green and red fluorescence. Panels A-C show green fluorescence 

while D-F show red fluorescence. The distribution of positive cells is not uniform 

across the cells. Particularly D and E show small colonies on one side of the bead only. 

Once positive beads have been identified and isolated using this procedure, the 

encoded information within the beads needs to be recovered to be able to gather 

data on the pathways each successful bead took through the experimental 

matrix. To release the tags from the microcarriers, these are dissolved 

individually in concentrated hydrochloric acid at high temperatures. This 
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destroys the microcarrier bead and all cells on it completely while leaving the 

acid resistant tags intact. These microsphere tags can then be resuspended and 

transferred into sample tubes to be read out by another flow cytometer, in this 

case a Canto II.  

 

Figure 23: Micrographs of a Cytopore II cell microcarrier being dissolved in 

hydrocloric acid to release the tags. Panel A shows the tagged microcarrier before 

dissolving. Panel B shows the dissolving process which is completed in panel C.  

The tags for each microcarrier are then analysed using a Canto II flow cytometer 

(BD Life Sciences) as outlined in section 3.6 (page 67). After calibrating the 

system and setting gates for the tags using a control sample, it is possible to 

accurately and reliably count and classify each tag and to map each tag type to a 

different condition used in the experiment. From this data is it then possible to 

deduce the pathway each positively differentiated microcarrier took through the 

experimental matrix. In an ideal case, there will be a single peak with a large 

count of tags for each stage of the experiment. This then clearly identifies the 

condition a microcarrier has been in at each stage of the experiment. In reality 

however, there is usually a small amount of tag ‘hopping’. This means that some 

tags will have moved from one microcarrier to another and thus give a false 

signal. The result can still be accepted if the larger of the peaks is significantly 

higher and if the secondary peak is of a very low count. Some microcarriers are 
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not tagged clearly enough with no peaks or too many peaks for a set to be able to 

identify their conditions. These are discounted from the data analysis to avoid 

false positives obscuring the actual results. 

 

Figure 24: Diagram illustrating the tag FACS readout. Forward and size scatter is used 

to filter out the measured data points for the specific size of tags used. The number of 

events at each intensity is plotted on histogram. By comparing the histogram for each 

individual bead to a known control sample, the tags attached to any given bead can be 

read to correspond to a defined condition. The false data peak represents tags which 
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are erroneously attached to a bead by “hopping” from one bead to anther during 

culturing. Data can only be assumed to be correct if any minor/erroneous peaks are 

insignificant compared to the main peaks. 

When individual samples are analysed, the tag data from each microcarrier is 

compared to the control sample and experimental setup to map tags to 

individual conditions. This can be done through the use of specialised software 

such as Plasticell’s Ariadne but was in this case done manually using the Canto II 

software as the Ariadne software was at this stage not yet fully functional.  

 

Figure 25: Example FACS graphs from the tag analysis of the MSC CombiCult. The top 

left graph shows the sorting gates for three different sized tags, while the histograms 

below show the gates for the two tag sizes used in the experiment. Each gate 

corresponds to the tags for a specific condition. Thus, the two peaks in the histograms 

can be mapped to two conditions in the CombiCult experiment. 
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The analysis of the FACS and pathway data was in this case performed both 

manually in Excel and by an early alpha version of the Ariadne software. This 

software is being developed by Plasticell to automate and standardise the data 

analysis process of any CombiCult experiment. Since then, the software has been 

updated and expanded in functionality. Once of its main features is a specialised 

hierarchical structuring algorithm which groups and ranks protocols. 

4.4.3 Data Analysis 

Once each bead has been dissolved and its tags recovered and analysed, the 

overall data set can be analysed. This is done mainly by statistical analysis 

looking at the clustering and repetition of pathways. An individual ‘hit’ is defined 

as a single positively fluorescent bead. A single hit on any given pathway does 

not necessarily mean that this pathway is a successful differentiation protocol 

but could instead simply be an error or a false positive. Because of this, 

clustering of several results is used to gather statistically valid results. From the 

experiment, 372 beads were sorted out by COPAS as positive beads. However, 

only 80% of these resulted in clearly identifiable data from the tags as 74 beads 

contained insufficient or unclear data. Of these unclear readings, the alpha 

version of the Ariadne software incorrectly used 9 beads (approximately 3%). 

However, these were excluded from the manual analysis. Within the resulting 

data, any cluster of data points around a single pathway or partial pathway is 

statistically extremely unlikely and clustering of data can thus be used to focus in 

on statistically significant pathways only. While in this particular experiment, 

clusters of completely identical pathways used by more than one bead were not 

found, there was statistically significant overlap of many of the bead’s pathways 
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to each other for two out of the three conditions, most commonly the final two 

conditions. Because of this lack of significant clustering data for the first 

condition, further statistical analysis in the form of a three way analysis of 

variance (ANOVA) test was carried out which to determine which of the three 

stages was statistically most significant and if any of the conditions had little 

effect on the outcome. The difference in outcome based on the first condition 

was not significant (p=0.276) meaning that it is not possible to exclude the 

possibility that the difference is due to a random sampling variation after 

allowing for the differences in conditions two and three. This means that from a 

purely statistical point of view, it was not significant which condition the cells 

were cultured under for the first week of the trial and the outcome appeared to 

depend mainly on the cell culture media of stages two and three. This allows for 

better analysis once the first condition is disregarded leading to clustering of 

pathways which appeared promising from the gathered data. 

 

From the analysed data set, a number of pathways with the highest occurrence of 

positive microcarriers having used the pathway completely or in part were 

selected for manual validation in flat surface cell culture. This step is necessary 

as the cells need to be evaluated in a standard cell culture flask culture to be able 

to compare the protocols to previously established control protocols and to be 

able to image and observe the cells directly. 

4.5 Validation 

To validate and confirm the findings of the CombiCult experiment, i.e. the cell 

culture protocols, cells are subsequently cultured as a standard culture without 
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split-pooling. This can be done both on microbeads without split-pooling and as 

2D flat surface cultures in well plates or culture flasks. In the case of this 

experiment, 2D flat surface culture only was used. This ensures that any 

protocols can be compared on an equal basis to existing protocols, such as those 

discovered during earlier CombiCult experiments as well as commercially 

available kits. Cells are cultured using the differentiation media and conditions 

selected through the CombiCult. Culturing cells on a flat surface also allows for 

imaging of the cells without the need for a confocal microscope. This includes 

both imaging of live cells at different growth stages as well as antibody staining 

and other assays after fixing the cells. Direct imaging also provides a chance to 

investigate and consider the cell morphology. This is in contrast to the actual 

CombiCult experiment where results are determined mainly by the brightness of 

the final antibody stain. This intensity of course also depends on factors such as 

the amount of indiscriminately stained debris or dead cells as well as the actual 

number of successfully differentiated cells rather than purely their quality and 

morphology. 

 

The cells were cultured as outlined earlier. Briefly, 48-well plates were treated 

with CELLstart prior to culturing before cells were added at a concentration of 

approximately 104 cells per well and cultured in serum free basal medium for 

one week to allow cells to become sufficiently confluent. The cells were then 

cultured for three weeks following different chemical protocols as determined 

from the previous clustering analysis. Media were refreshed on days 3 and 5. On 

day 7, cells were washed twice with PBS before the next medium was added. 
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After the full duration of the differentiation protocol, cells were fixed with 4% 

PFA for 1 hour. 

 

Figure 26: Micrographs of cell cultures from the validation phase with collagen II 

being stained red and the cell Nuclei being stained blue. Panels A and B contrast two 

different culturing pathways, both of which were selected from the previous 

CombiCult. The Validation in this case demonstrates clearly that B is in this example 

far more positive than A. Panels C and D contrast the different morphologies achieved 

from two different differentiation protocols. This illustrates the importance of 2D 

cultures as the morphology can be difficult to determine in 3D cultures. Details of the 

culture protocols can be found in the appendix (11.6, page 188). 

The figure above shows micrographs from different differentiation protocols 

obtained from the CombiCult experiment. One is protocol is clearly more brightly 

red fluorescent than the others, despite all the protocols having been selected 

from the data set for chondrogenic differentiation. The bottom two images also 
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show the different morphologies that can be achieved from different 

differentiation protocols. This qualitative data needs to be taken into account 

when drawing the overall conclusions from the experiment. 

4.6 CombiCult Conclusions 

The experimental matrix was designed to cover a large number of pathways 

using common small molecule chemicals. The culturing and split-pool phases 

proceeded without problems and the experiment resulted in adequate tagging of 

each microcarrier. However, for this particular CombiCult experiment, no 

statistically significant were found. This is in part due to the low number of hits 

which led to only weakly correlated data and clusters indicating no highly 

promising pathways. Despite these results, a number of the most promising 

pathways were selected for manual validation. As expected from the original 

inconclusive data, the validation yielded no strongly positive differentiation 

protocols. This means that, assuming no underlying problems, the CombiCult 

experiment in this case simply was not able to find an improve protocol as the 

matrix might not have contained any such options. The most likely explanation 

for this is the initial design of the experimental matrix. The matrix was designed 

from small molecules and relatively inexpensive chemicals to try to find 

alternative differentiation protocols as compared to those using growth factors 

and other similarly expensive chemicals. It may be that for this particular 

experiment, no combination of chemicals from the initial matrix is capable of 

reliably inducing the desired differentiation and that the few positive beads may 

simply be spontaneous or otherwise random events. It is likely that a different 

combination of chemicals would be needed or perhaps that it cannot be easily 
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achieved without the use of growth factors. In contrast, some growth factor 

based CombiCult experiments conducted previously by Plasticell were able to 

detect protocols which were found to be superior to the existing protocols. To 

get closer to an answer to this question, a similar experiment could be repeated 

again with a different, larger matrix of chemicals to find a simpler, more cost 

effective differentiation protocol. 
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5 Electrospraying Alginate  

To be able to use electrospraying to encapsulate live stem cells, a number of 

different factors and variables need to be investigated and understood. Thus, the 

aim of the following experiments on electrospraying is to understand the effect 

of the different components and variables on the spray pattern and resultant 

encapsulations. With a full understanding of the system, it is then possible to set 

up a stable system with parameters selected to reliably create cell 

encapsulations suitable for combinatorial stem cell culture. 

5.1 Alginate Concentration 

Experiments were carried out to establish the effect of alginate concentration on 

the bead size. The alginate concentration is important as a higher concentration 

generally leads to higher liquid viscosity a thus to changed spray characteristics. 

A more viscous solution is generally more difficult to process. The concentration 

was limited to 1%-5% as the range within which the equipment used could 

create encapsulations. Below 1%, it is not possible to create proper capsules 

under spraying and cross-linking conditions such as those used. Solutions of 

above 5% are becoming too viscous so that even initial dissolving and stirring 

becomes difficult. It also makes the solution very difficult to mix with other 

liquids, materials or live cells. In the literature, encapsulations are generally 

produced from solutions of about 2-3% alginate. Rheological properties such as 

viscosity can also be altered by different approaches. For example, a change in 

the ratio of G to M of the raw alginate will affect the viscosity of the alginate 

suspension as well as the physical strength of the hydrogel capsules. 
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Additionally, changing the pH of the solution will change the rheology; however, 

changing pH levels could lead to unexpected effects with respect to the living 

cells and is thus the least preferred option. 

 

The following figure shows the average bead size data and standard deviations 

for one set of experiments. The alginate concentration of the processes solution 

was varied and the solution sprayed over a range of voltages under otherwise 

identical setup and conditions. The constant factors are a flowrate of 10 ml/h 

using a crosslinking solution of 200mM CaCl2 with the setup of a 0.5 mm outer 

diameter, inner diameter 0.25 mm flat ended needle at a distance of 1cm to the 

standard dish electrode in the Nisco encapsulator. Data was acquired by 

measuring the diameters of several dozen encapsulations for each voltage to 

obtain accurate averages and distributions. The mean bead size over the voltage 

range is compared in Figure 27 to illustrate the effect of the concentration of 

alginate on the bead size. 

 

 

Figure 27: Effect of alginate concentration on mean bead size over the relevant a 

voltage range of 6-9kV. While a 1% solution can achieve significantly lower 
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encapsulation sizes than high concentrations, there are only minor differences in the 

encapsulation size once the concentration is increased above a value of about 2%. 

The error bars signify the standard distributions. 

As the graph above shows, there is a significant difference in the droplet size 

between 1% and the higher alginate concentrations. However, increasing the 

alginate concentration further, does not affect the bead size significantly. 

Another factor to consider is the distribution and shape of the beads. At lower 

concentrations, both the distribution and the overall appearance and shape of 

the beads are far less uniformly spherical than at higher concentrations. This is 

illustrated in the sample micrographs below comparing 1% to 5% concentration 

from the same experiment, both sprayed at identical settings (5kV, flow rate 

10ml/h, distance to electrode 1cm). The spray characteristics for the two 

viscosities are not identical as the parameters would have to be optimised 

specifically for each viscosity. However, as the following images for an identical 

set of given conditions show, a lower alginate concentration will generally 

produce smaller beads than a higher concentration one. This is most probably 

due to the lower concentration hydrogels compacting its volume in the water as 

the gel cross-links and pulls molecular chains together. However, as low 

concentrations can in themselves be problematic due to the weak gel they form, 

particularly when used for long term culturing, a compromise must be found. 

Generally, 2.5% alginate was found to produce the best combination of size and 

strength. 
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Figure 28: Comparison of micrographs of different concentrations of alginate. (a) 

shows the size distribution for a 1% Alginate gel while (b) shows the distribution for 

a 5% gel with all other conditions being equal. 

5.2 Electric Field 

During experiments using the Nisco Encapsulator, it became apparent that the 

spray did not always behave as expected from the theory. Generally speaking, 

overlooking finer effects of spray modes, the droplet size should decrease with 

increasing voltage. 

 

Figure 29: Expected relationship of droplet size against potential difference 

However, when using the Nisco Encapsulator after a certain threshold voltage of 

around 7kV the mean droplet size increases considerably more than with a 

comparable custom device. Additionally, above this threshold voltage, a 

significant amount of material is deposited on the top surface of the electrode. 

While it is advantageous to use the Nisco Encapsulator or a similar system, the 
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effects of the system assembly itself had to be determined. The main advantages 

of the system are relative simplicity when compared to a laboratory system, easy 

sterilisation of components, modular exchange of parts such as electrodes and 

spraying needles as well as safe working through built-in safety features such as 

automatic switches. This is important if the application is to move from an 

academic laboratory environment into a commercial setting as many 

experimental setups used in laboratories by especially trained and qualified 

personnel, would not be considered sufficiently safe for use in a workplace 

environment. It therefore needs to be assessed if there are disadvantages such as 

increased droplet size or wider distributions caused by the use of this assembly 

which are significant enough to warrant the development of a new system. 

Further, it will be necessary to compare the apparent disadvantages of this 

spraying assembly against its advantages. Figure 30 shows the results of 

experiments aimed at determining if the outer cover and doors, present for 

safety reasons, are the reason for this. Spraying was therefore done over a range 

of voltages using a variety of different setups. The factors held constant were a 

flow rate of 10 ml/h of 2% Alginate sprayed into 200mM CaCl2, a distance of a 

0.5 mm Ø flat edged needle to the standard dish electrode of 1cm. Firstly, the 

standard configuration was used (here denoted as ‘standard’), next a syringe 

pump was balanced sideways at an elevated level so that the needle-electrode 

assembly could be connected outside the main assembly directly to the needle 

rather than via silicone tubing. The needle-electrode assembly was then used 

outside the protective box, once held by its own stand from the Nisco assembly 

fixed into a plastic (‘with stand’) and once held simply by regular retort stand 

insulted from the table (‘without stand’). As the figure shows, the effect is 
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observable with each of these configurations. From this, it can be deduced that 

the protective outside assembly is not the reason for this spray effect. An 

example of encapsulation sizes for varying voltages and configurations are 

plotted in Figure 30.  

 

Figure 30: Comparison of spraying with the same needle/electrode assembly under 

various conditions inside and outside the Nisco Encapsulator assembly for the full 

range of 0-10kV 

 

Figure 31: Comparison of spraying with the same needle/electrode assembly under 

various conditions inside and outside the Nisco Encapsulator assembly for the range 
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of 5-10kV where increased droplet sizes occur above a threshold voltage of about 

8kV. 

It is important to note that values for encapsulation sizes from the assembly 

outside with the included stand are not entirely representative of the actual 

spray droplet sizes. This is because for this configuration above 8kV the vast 

majority of the alginate was sprayed onto the electrode rather than the collecting 

dish. This means only a certain fraction of droplets which sprayed along the axis 

actually solidified in the collection vessel where they could be measured. There 

is also an amount of experimental error and variation within the values for each 

assembly. However, it appears that the effect from the casing is very small if not 

negligible.  

 

The data for the needle-electrode assembly outside the Encapsulator case but 

without its proper stand stops at 9.5kV since above 8kV, increasingly large 

amounts of material were deposited on top of the electrode rather than entering 

the crosslinking solution. At 9.5kV, virtually no droplets end up as solidified 

beads and at 10kV, no capsules at all were found but the entire mass of material 

appeared to have been jetted all around the electrode instead. This may also 

explain the apparent divergence from the droplet size curves for the other setups 

as the samples measured are not representative since only very little of the spray 

actually ended up as capsules that could be measured. 

 

However, all setups share the same upwards trend in size distribution at 

voltages above about 8kV. This suggests that this unexpected effect is not a result 
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of the outside assembly including the walls and protective doors, but is more 

likely to be a result of the actual needle-electrode assembly. To examine this 

further, additional experiments were conducted. The next set of experiments 

therefore aimed at trying to determine if the needle-electrode assembly was the 

cause for the unexpected spray behaviour with all other variables being kept 

constant. These values are a needle of 0.5mm diameter flat edged needle set 1 cm 

above the standard dish electrode using a 5% Alginate at flowrate of 10 ml/h, 

with 200mM CaCl2 as a crosslinking solution. The mean droplet size over a range 

of voltages was compared for the standard needle-electrode assembly inside the 

complete Nisco Encapsulator assembly and safety casing compared to using the 

same needle and electrodes, held by separate retort stands outside the Nisco 

Encapsulator box. 

 

Figure 32: Comparison of droplet sizes from spraying with the Nisco Encapsulator 

against using the same needle and electrodes held separately outside the assembly 

for 0-10 kV 
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Figure 33: Comparison of droplet sizes from spraying with the Nisco Encapsulator 

against using the same needle and electrodes held separately outside the assembly. 

Sparking is marked in the graph. 

 

As the figures demonstrate, the Nisco Encapsulator produces significantly larger 

bead sizes, at some voltages almost twice as large as the beads produced by the 

same needle and electrode held separately outside the box. Droplet size is 

improved for almost all voltages and the droplet size does increase above 11kV 

even for the separate needle and electrodes but this effect is accompanied by 

audible electric discharge and can thus be explained as an effect of leaked 

current lowering the effective electric field. One hypothesis is therefore that the 

similar effect noticed in the Nisco Encapsulator at much lower voltages is 

similarly due to discharge or leaked current. There is no audible discharge or 

obvious way the current could flow. However, it is possible that the insulating 
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grounding parts of the assembly does not insulate as well as expected. 

Alternatively fluid or surface residue on the insulators could be at fault. 

 

If on the other hand the needle/electrode assembly is replaced with a custom 

electrode assembly, there are significant differences in bead sizes. This suggests 

that while the casing does not have a significant effect, the electrode assembly 

does have a large effect, as shown in Figure 32 and Figure 33. The data from 

Figure 32 was acquired using the Nisco Encapsulator and a custom assembly for 

comparison. The custom assembly consisted of the same electrode and needle, 

but it was held separately by clamps and wired up to a Glassman high voltage 

power supply. It was possible to get significantly smaller bead sizes using this 

setup. Above 11kV, discharge and sparks were observed which probably 

accounts for the increased bead sizes after this point. 

 

The Nisco Encapsulator is in its current form limited to providing 10kV. 

However, using a slightly modified voltage supply, the Encapsulator could be 

easily adapted to use up to 30kV at the cost of a lower maximum current 

available. This might of course require changing the circuitry and overall 

assembly of the Encapsulator to provide safe operation at these elevated voltage 

levels. However, this is beyond the scope of this research, particularly as the 

current operating is already sufficient to cover the full voltage range up to 

creating arcing at the distances used. 
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5.2.1 Electrodes 

Various electrode shapes were manufactured by the departmental workshop. 

The manufactured electrodes are shown in the figure below. 

 

Figure 34: Manufactured electrodes and designations. Electrode A is the electrode 

originally supplied with the Encapsulator. Electrodes B-E were specifically produced 

for these experiments. The electrodes were designed so that they could be inserted in 

two orientations resulting in a smooth or chamfered top surface of the electrode, 

which are referred to as F-H. This is to create different electric field shapes. 

Changing the shape or size of the electrode or the needle as well as the distance 

between the two will change the electric field. A stronger or more concentrated 

electric field should assist in drawing out the liquid in a finer spray. At the same 

time, the field strength and shape will affect the charged droplets travelling 

through it. During experiments, it was observed that when using the Nisco 

Encapsulator at high voltages, generally from above 8kV depending on the 

parameters of the experiment, an increasing amount of ‘wetting’ of the electrode 

occurred. This is where droplets do not move along the central axis through the 

electrode but instead are attracted directly towards the electrode or holding 
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assembly and form large droplet residues usually on the top surface. These 

droplet residues can, in some experiments at very high voltages, be so large that 

within a few minutes the deposit on the electrodes becomes large enough to 

form droplets flowing through the electrode and dripping into the gelling 

solution. During some experiments these residues have even been able to block 

the central hole of the electrode entirely. The standard electrode delivered with 

the Nisco Encapsulator, generally referred to as dish electrode, was chosen by 

the device’s designer after only very brief evaluation of different shapes and 

consequently might not be the ideal solution for the specific application of 

spraying high viscosity alginate solutions. To address this issue and to 

potentially improve overall distribution and size of the droplets, the above 

electrode shapes were manufactured to be able to compare the spraying, in 

particular the sizes and distributions produced. 

 

The figure below shows the droplet sizes and standard deviations for 

microdripping (4kV) and spraying (8kV) modes respectively for all electrodes. 

 

Figure 35: Bead size and distribution for microdripping at 4kV and 8kV plotted on 

two separate axes for clarity. Bars show the mean encapsulation with error bars 
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indicating standard deviation. Different electrodes were used with nomenclature as 

before. Other spray parameters are: Alginate = 2% concentration, flow rate = 10ml/h, 

distance to electrode = 1cm, needle = 0.5mm outer diameter with flat end. 
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As the graph shows, the various electrode shapes create very different bead sizes 

and distribution. From these experiments, it appears that the original electrode 

included with the Nisco Encapsulator, here designated ‘dish electrode’, does 

indeed appear to offer some of the smallest bead sizes and best distributions out 

of the choice of electrodes. The chamfered electrode of 5mm outer wall thickness 

showed promising results from this initial trial and was investigated in more 

detail. For micro-dripping especially the resultant beads were smaller and better 

distributed. However, at most spraying voltages, the sizes were larger or similar 

to the standard electrode. Figure 36 and Figure 37 show the comparison of the 

original dish electrode to the 5mm thickness chamfered electrode, which from 

the initial experiments appeared to be the second most promising electrode after 

the dish electrode.  

 

Figure 36: Comparison of encapsulation sizes of two electrodes, the standard dish 

electrode and a 5mm thickness chamfered ring electrode 
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Figure 37: Comparison of encapsulation sizes of two electrodes, the standard dish 

electrode and a 5mm thickness chamfered ring electrode, showing the 5-10kV range 

only 

As the graphs show, there appears to be a small advantage in using the 

chamfered electrode rather than the dish electrode which is the standard for this 

machine. However, this is only true in the spraying voltage ranges above 5kV. 

This indicates that this electrode might offer improvements over the currently 

used electrode. However, this may be an effect limited to the alginate solutions 

used and may not appear with different concentrations or materials other than 

alginate. It would therefore require further investigations on a larger number of 

sprayed solutions to be able to draw any conclusion about possibly replacing the 

standard electrode or offering an alternative. This however, is outside of the 

scope of this research. 
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5.2.2 Reversing polarity 

In its native configuration, the Nisco Encapsulator uses a grounded needle and 

puts both the electrode and the collecting reservoir at a high voltage. Different 

research groups apply the electric field in different directions. Some ground the 

electrode while charging the needle while others charge the electrode and the 

liquid while keeping the needle grounded. The Nisco Encapsulator uses the 

latter. Experiments were carried out to determine if reversing this setup would 

have an effect on the bead size and/or distribution. To do this, the setup of the 

Nisco Enscapsulator was assembled outside the safety casing and wired up 

manually to the Encapsulator’s power supply. For the same configuration of 

alginate, flowrate, needle, etc the ground and applied voltage were interchanged 

and the distribution of capsules was observed. Within experimental accuracy, no 

significant change was observed during these experiments with correlation 

>0.99 thus suggesting that for these purposes, it is only the field strength and not 

its direction which determines the spray (data not shown). 

 

5.3 Flowrates against Voltage 

Operational maps such as the examples shown here were created to determine 

the effects of a range of flowrates and voltages under certain conditions. 

Operational maps are important for a system such as this to be able to determine 

the ideal settings of each controlling parameter. The creation of operational 

maps is important for both research and ease of operation during its application. 

Using a set of operational maps, a skilled operator should be able to select the 
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correct parameters for a desired resultant spray without the need for major 

testing or finding of parameters. If changes are required, the operational maps 

should minimise the amount of experimentation needed as the effects of 

changing any given parameter are already known. This will significantly increase 

the productivity when used in a commercial setting. The following data was 

created by varying voltage and flowrate while keeping other parameters 

constant. The constant settings used were 2% Alginate sprayed using a 0.5mm 

diameter flat needle placed 1cm above the standard dish electrode with a 

crosslinking-solution of 200mM CaCl2. 

 

Figure 38: Nisco Encapsulator 2% alginate operational map, 0-10kV 
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Figure 39: Nisco Encapsulator 2% alginate operational map, 5-10kV, and 5-20 ml/h 

As is evident from the graphs, droplet size decreases with increasing voltage 

until about 8 kV. At higher voltages droplet sizes increase again. This has been 

observed in general when using the Nisco Encapsulator and is not just applicable 

in this specific case. At these higher voltages, the electrode will be covered with 

the alginate solution very quickly during spraying. As only those droplets that 

moved along the spray axis through the electrode are solidified and measured, it 

is possible that the observed increased encapsulation size is in fact a result of 

some of the smaller droplets depositing on the electrode rather than reaching 

the collecting dish. 

 

5.4 Cross-linking Agent 

As mentioned earlier (2.4.1.2, page 46), the choice of gelling ion and the 

concentration of this can have a significant effect on the hydrogel that is created 
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culturing. However, experiments were carried out to establish if the choice of 

gelling ion would have an effect on the size and shape of the alginate beads. Over 

a range of 10mM to 1M for each crosslinker, which should cover any standard 

operation, no significant difference in size or distribution was observed (data not 

shown). Below 10mM, the quantity of cross-linking ions is not sufficiently high to 

solidify the bead instantaneously as it enters the solidifying solution. Once a 

sufficient amount of ions is present to solidify the gel, there is no further benefit 

from additional ions in the solution. A concentration of 1M was used as the upper 

limit as beyond this, the water heads up to high temperatures due to the 

dissociation energy of the salt. Additionally, at such high concentrations, the 

solution has an increased density similar to that of the alginate spheres which 

prevents the spheres from settling quickly within the solution. The physical 

properties of the resultant gels such as strength were not measured. Sprayed 

beads solidify extremely quickly due to their small size and are difficult to 

observe, especially as they are collected in a continuously stirred beaker. To be 

able to measure data on solidification time, large droplets were dripped 

manually into each type of gelling ion directly under an optical microscope and 

the solidification process observed using time interval microscopy images. The 

following sequence of images in Figure 40 shows the solidification of an alginate 

droplet of about 4.2mm diameter in a low concentration CaCl2 solution. 
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Figure 40: Sequence of images showing slow solidification of a very large alginate 

bead which was created by dripping from a pipette to illustrate the alginate 

solidification progress with a time interval of approximately 1 minute between 

images. The boundary between solid and liquid alginate is visible as the Calcium 

diffuses across the existing hydrogel to eventually solidify the entire capsule.  

The thickness of the solidified layer was measured for each gelling ion at 

different points in time. Using this data, approximate solidification rates were 

extrapolated. The solidification rates appear constant after the initial formation 

of the outermost layer which occurs at a higher rate. However, the time needed 

for complete solidification of very small beads such as those sprayed for the 

majority of the experiments outlined here is probably lower than estimated here. 

This is because, as mentioned above, the initial outside layer solidifies much 

faster as there is initially direct contact of alginate and calcium chloride and the 

diffusion distance required for solidification increases slowly. However, under 

experimental conditions, it has not been possible to view small electrosprayed 

droplets under an optical microscope within a short enough time frame for 
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solidification not to have been completed. This suggests that for practical 

purposes of this application solidification will always be complete by the time 

encapsulations have been removed from the crosslinking solution. 

 

Figure 41: Comparison of extrapolated solidification time of different gelling ions at 

200mM for an encapsulation of diameter 500 µm 

As the graph above shows, Calcium crosslinks the alginate significantly faster 

than Barium and Strontium. This may be due the relatively smaller size of 

Calcium ions. However, from extrapolation of the data, it appears that the time to 

completely solidify a bead of around 500 μm is well below one minute with any 

of the gelling ions. Since the beads would remain the crosslinking solution for at 

least this amount of time before retrieval and washing, it is reasonable to assume 

that any beads produced are fully solidified by the time they are taken out of the 

crosslinking solution. 
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5.5 Size & Distribution Control 

High speed photography can be used to investigate the actual spraying process 

further. This is particularly useful where a large fraction of the sprayed solution 

does not get sprayed into the solidifying solution. Using a MotionBlitz high speed 

camera (Mikrotron GmbH), spraying was observed directly. These high speed 

photographs and videos show unstable periodic jetting in almost all cases for the 

materials and parameters used. While this jetting mode is not the theoretically 

most desirable, good distributions can still be achieved if all parameters are set 

correctly. Other issues also became clearer during the high speed photography. 

For example, recirculation of droplets back towards the electrode if the 

collecting beaker is not kept at the same voltage as the electrode. 

 

High speed photography is important as it is the easiest way to look directly at 

the live spraying process, rather than to indirectly study the results after 

completion by examination of the hydrogel capsules created. This can give 

important indications of what exactly is happening, especially when unusual 

results occurs such as the unexpected rise in droplet size at higher voltages when 

using the Nisco encapsulator. For example, using high speed photography, it is 

easily visible that wetting of the electrodes occurs by droplets being ejected at a 

high angle and hitting the top surface of the electrode far from the centre. 
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Figure 42: Sample high speed photographs showing a drop being released from the 

needle and accelerating towards the electrode. Panels (a) and (b) show images of 

microdripping while panel (c) shows the spraying mode. There is also a visible drop 

on the electrode itself which is the result of unstable spraying at high voltages.  

As the high speed images show, jetting can achieve much finer droplets to a scale 

where they are hard to observe visually. Panels a and b from a high 

magnification high speed camera show a droplet being released from the nozzle 

tip and accelerating towards the ground electrode. Similarly, in panel c an 

elongated meniscus forms into a jet which then releases droplets. The meniscus 

then relaxes and springs back towards the needle tip before the process is 

repeated. Panel c also shows an agglomeration of liquid on the top of the 

electrode which appears at very high voltages to do unstable jetting with some 

droplets being ejected at random directions. 

5.6 Individual Microcarrier Encapsulations 

The encapsulation of microcarriers can be successful in principle. The 

microcarriers shown in Figure 43 are individually encapsulated. However, the 

yield and repeatabiliy of creating such encapsulations is very low. The images 

were created by producing a large amount of beads and then scanning the 

results under a microscope for a successful encapsulation.  
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Figure 43: Individually encapsulated microcarriers. Panel A shows macroporous 

microcarriers encapsulated within alginate hydrogel spheres. Panel B shows a solid 

spherical microcarrier coated with protein encapsulated within a hydrogel sphere. 

The blocking of tubes and nozzles is also a serious issue, especially when 

processing porous microcarriers, but to a lesser extent also when processing 

solid ones. At high loading of microcarriers, the porous microcarriers tend to 

form agglomerates which get trapped in the nozzles and act as a sponge to stop 

any other microcarrier or sizable material to get through while the liquid can 

still be pushed through at increasing pressures. A partial solution for this is to 

avoid the settling of the microcarriers in the syringe pump by injecting them 

directly into the dead space of the silicone tubing in which they do not tend to 

move by themselves to form agglomerates. However, there is still a risk of 

agglomeration of microcarriers at the point where the relatively large diameter 

piping and luer lock feed into the comparatively small diameter spraying needle. 

Lower loading of the solution with a small number of microcarriers only would 

also alleviate, though not remove, the problem of blockages. However, this would 

lead to the vast majority of sprayed encapsulations being empty so that the 

relevant encapsulations containing microcarriers would only constitute a small 
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fraction of the collected beads. This approach of encapsulation is thus not 

suitable for combinatorial experimentation and was eventually abandoned in 

favour of direct cell encapsulation without microcarriers. 

5.7 Incorporation of encoding materials 

Encoding materials are used to store the information about the culturing 

conditions a given microsphere. That is, after the final stage of the experiment, it 

will then be possible to use the encoding materials found on or in a microsphere 

to identify every culturing condition of the bead. Encoding materials in this 

context are generally fluorescent microspheres of sizes in the several 

micrometers (Duke Scientific). These can be encapsulated together with any 

other materials, such as cells or cell microcarriers. The procedure for including 

such tags is relatively simple. A given amount of tags is added directly to 

dissolved the alginate and the solution is mixed thoroughly before encapsulation. 

 

Figure 44: Fluorescent microbeads encapsulated (a) in alginate, (b) in alginate 

together with fluorescent cells on microcarriers. (a) shows microtags encapsulated 

within the electrosprayed alginate spheres. (b) shows that this is also possible with 

the addition of additional materials, in this case microcarriers seeded with cells 

which are stained with Calcein. 
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The micrographs above show that fluorescent tags can be successfully 

encapsulated in alginate by themselves or in combination with other materials as 

in Figure 43 (b) where there are both blue fluorescent microbeads in the alginate 

and green fluorescent cells on microcarriers. 

5.8 Spray Re-Encapsulation 

To allow for a combinatorial approach, it is necessary to sequentially add tags 

over several stages sometimes spread over many weeks. The initial approach for 

the layering of the encapsulated cells with additional material was to again use 

electrospraying with the beads from previous steps put into suspension within 

another alginate solution and resprayed. This is possible in theory and to some 

degree also in practice as re-encapsulation of some beads can be achieved as 

shown in Figure 45. To achieve this, encapsulations were washed several times 

to remove traces of the gelling agent before being resuspended in alginate again. 

The suspension is then sprayed again using a larger bore needle to form a new 

encapsulation layer around the previous layer. Care has to be taken to wash the 

alginate beads sufficiently in Calcium free buffer to remove excess crosslinking 

ions which would gel alginate solution the beads are suspended in before 

spraying. At the same time, excessive washing with Calcium free buffers can lead 

to the existing alginate bead being liquefied. Therefore, great care has to be taken 

to get the required number and length of washes, which can differ from 

experiment to experiment, just right. 
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Figure 45: Multi-layer encapsulation. (a) Shows a microcarrier encapsulated within 

two layers of alginate. The initial microcarriers was mixed with an alginate solution 

and jetted to create an alginate sphere. This sphere was then resuspended in fresh 

alginate solution and jetted again to create an additional layer. (b) Shows two tagged 

encapsulations within another layer. Microtags were mixed with an alginate solution 

and sprayed to create the initial encapsulations. These were then resuspended in 

alginate and sprayed a second time to create the additional layer.  

Panel (a) in Figure 45 shows the successful addition of a second layer around a 

previously encapsulated cell microcarrier. The hydrogel acts to immobilise all 

materials contained within so that fluorescent microbeads used as tags remain 

within the bead and the layer they were encapsulated in. This is shown in panel 

(b) where the inner beads contain blue fluorescent microbeads and the outer 

layer does not. One obvious issue with this kind of re-encapsulation is the size of 

the extra layers. 

 

However, while some successful encapsulations were indeed created, the 

majority of the original encapsulations were lost in the form of re-encapsulated 

beads that contained a large number of the original encapsulations. Many were 

formed when the large encapsulations would form a momentary blockage for the 
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flow only to then be ejected from the nozzle as a very large droplet containing 

dozens of the original spheres. Additionally, such blockages can create a large 

quantity of empty encapsulations, satellite droplets and similar artefacts mixed 

in with the encapsulations which would need to be filtered and removed. The 

amount of successfully re-encapsulated beads where one single bead sits inside a 

single larger bead is of the order of 1%. In theory, it would be possible to filter 

out all beads that are not re-encapsulated as required through the use of a flow 

cytometer optimised for very large particles but in practice this is not feasible. 

This approach to re-encapsulation for combinatorial experiments was thus 

unsuitable and abandoned in favour of a layer-by-layer approach. 



   

  122 

6 Alginate CombiCult 

The combination of electrosprayed alginate encapsulation for CombiCult 

combinatorial cell differentiation approach outlined here is hereafter 

abbreviated to AlgiCult for simplicity. While the main principles and protocols 

for combinatorial stem cell culture remain the same for both the existing and the 

new technique, there are a number of changes and adaptations necessary to 

combine both CombiCult and electrospray encapsulation into a single usable 

technology.  

6.1 Encapsulation 

The first and most notable difference in the protocols is the difference in seeding. 

The macroporous microcarriers are seeded over one or more days by mixing a 

cells suspension with microcarriers and incubating them, generally on a well 

plate that does not support cell adhesion. The cells will then slowly, usually over 

at least 24h, tend to attach onto the surface of microcarriers. In an alginate 

encapsulation process on the other hand, the cells are taken from normal culture 

and only briefly suspended in a liquid alginate solution before this solution is 

sprayed. In addition to the cells, the suspension and subsequently the solidified 

hydrogel spheres can contain any other optional material such as fluorescent 

microparticles, drugs or catalysts. Once the cells are immobilised within the 

cross-linked hydrogel, they can be instantly moved to the next culturing step 

rather than waiting for cell migration and adhesion. This can speed up the steps 

required for a CombiCult experiment. It is also advantageous when working with 
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non-adherent cells such as blood cells as these would not adhere to the surfaces 

microcarriers and thus cannot be seeded using the existing system. 

6.2 Layer-by-Layer Tagging 

Layer by layer adsorption (LBL) works by adsorption of a poly-anionic 

electrolyte onto a poly-cationic electrolyte and vice versa. The initial alginate 

encapsulation itself can serve as the initial starting template onto which other 

layers can be built as alginate is a polyanionic substance. The background for this 

is explained in more detail in Chapter 2.6 (page 50). This is the approach used to 

merge the electrospraying, tagging and culturing of alginate capsules into the 

existing CombiCult methodology. 

 

A layer-by-layer tagging procedure varies significantly from the existing 

CombiCult technology. Initial experiments focussed on finding suitable 

polyelectrolytes. Poly-l-lysine was one of the first polyelectrolytes used in 

experiments as it is well established in the literature. Experiments were also 

performed to attempt to find a polyanionic electrolyte to form layers on the PLL 

surface. Poly-styrene-sufonate (PSS) was used to attempt to create sandwiched 

layers of PLL-PSS on the surface of the original alginate spheres. However, these 

layering experiments were unsuccessful. Eventually, Alginate-PLL-Alginate 

capsules were established as the only viable option. Starting from an alginate 

bead containing cells as described earlier, the first step is to create an outer layer 

of a polycationic substance, in this case PLL.  As the beads are of a size larger 

than many pipette tips, it is possible to remove virtually all of the liquid from the 

well without removing any of the microcarriers. The beads themselves, being 
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made of a hydrogel do not dry out unless left for extended periods of several 

hours. Once all liquid is removed, a 0.1% PLL solution (Sigma Aldrich) is added 

so that the beads are completely submersed. After 5 minutes, the excess liquid is 

removed as before leaving only the bare beads. The beads now have a positively 

saturated surface layer through the adsorption of polycationic poly-l-lysine. A 

suspension of tags in DPBS is then added to the well and left for 5 minutes with 

occasional agitation using a large diameter pipette to allow them to adhere to the 

surface of the beads. The liquid containing the tags is then removed and the 

beads are washed with PBS before a solution of 0.1% Alginate is added for a 

further 5 minutes. The process is then repeated with both PLL and Alginate to 

add an additional layer of PLL on the outside of the tags so that the microsphere 

tags are trapped between two layers of PLL. The addition of this second layer of 

PLL is aimed at both increasing tag retention on the bead as well as to minimise 

tag hopping, that is the number of tags transferred from one bead to another 

during culturing which can cause noise and false positive signals when analysing 

tags on beads. Tag hopping should in theory also be minimised through the use 

of a negative outer layer of alginate during culturing which should repel any 

excess tags which may be unattached in suspension in the cell medium. 

 

This layering and tagging process is repeated before each split-pool stage of the 

experiment to add another tag layer and associated PLL and alginate layers onto 

the microsphere, creating a different layer of tags for each experimental step to 

be encoded. The following figure shows a number of alginate microspheres 

tagged separately with two different coloured tags, which are red and blue 

fluorescent. During a CombiCult experiment the tags used will be often selected 
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so that they emit fluorescence of the same wavelength but in varying degrees of 

intensity in addition to varying sizes of the microsphere tags. This allows the 

same detector on a FACS instrument to be used to analyse a wide range of tags. 

 

Figure 46: Alginate microspheres tagged with two different tags. The orinigal alginate 

microspheres were layered using layer-by-layer adsorption. There are two sets of 

tags each contained between separate additional layers. Both red and blue tags are 

clearly visable in the image on the surface of all spheres and are distributed relatively 

evenly.  

The exclusion of additional separate washing steps has several reasons. Skipping 

unnecessary washing steps minimises the number of overall steps and the time it 

takes to perform the tagging. Primarily however, there is a potential problem 

with excessive washing removing too much of the gelling ions. As the washing 

steps need to be done by using PBS without Calcium to avoid gelling of the 

alginate solution, excessive washing of the alginate beads in a solution without 

divalent calcium to crosslink the hydrogel can lead to the accidental partial or 

complete liquefaction of the alginate spheres. If many additional washing steps 
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are required, this can sometimes be circumvented by first suspending the 

hydrogel beads in a relatively high strength (e.g. 200mM) Calcium solution. 

 

Figure 47: Alginate beads layered with PLL exposed to excessive washing in PBS. The 

repeated washing in calcium free buffer removed the cross-linking ions from the 

hydrogel thus allowing the alginate to revert to a soluble form and being washed 

away. The visible shells are the outer layers of PLL which are left behind and can be 

easily deformed and damaged as they no longer contain a solid gel core. 

The above figure illustrates the problem encountered by excessive washing 

without divalent gelling ions such as calcium being present in the buffer or 

medium used. The PLL layer is unaffected as no Trypsin or similar enzyme was 

used but the alginate gel core has liquefied and diffused out. The beads thus 

consist only of a very weak, thin shell of PLL layers which are easily deformed. 

Strengthening the beads in a solution containing abundant Calcium ions before 

starting the layer-by-layer adsorption washes, can overcome this problem but in 

turn lead to other problems. The following figure shows the other extreme 

where the beads were strengthened using a 200mM Calcium Chloride solution 
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without excessive washing. The beads themselves stay intact but when a low 

percentage alginate solution is added to adsorb a polyanionic layer upon the 

previous poly-l-lysine layer, the Calcium still present and not completely bound 

in the crosslinks of the existing gel diffuses and crosslinks the alginate solution 

directly. This forms a weak gel linking all beads in the well together which can be 

separated mechanically by the shear forces of repeated pipetting. However, this 

will result in beads which are not smooth on the surface but have small 

fragments of this gel attached to its surface in an uneven manner. 

 

Figure 48: Alginate beads after layer-by-layer adsorption where an excess of calcium 

was present during the alginate layering stage. Instead of forming alginate layers on 

the surface of the existing spheres by chemical adsorption, the excessive level of 

calcium caused the alginate chains in the solution to cross-link all through the 

solution transforming the solution into a weak gel, attaching all beads to each other. 

This means layering is unsuccessful and the entire well generally has to be discarded.  

To avoid the excessive removal of Calcium cross-linking ions, it is also possible to 

use Barium ions which have a stronger affinity to the alginate. By placing the 

alginate beads in a low molarity solution containing Barium, some Calcium ions 
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are replaced with Barium due to its stronger affinity. This makes the gel itself 

physically stronger but additionally, on a chemical level, it also makes it harder 

to remove the gelling ions by excess washing. The resultant gel appears to be 

resistant to being liquidised by repeated exposure to calcium free buffers such as 

PBS. Consequently, if the protocol used requires repeated washing in calcium 

free medium or buffer it may be necessary to first strengthen the gel by exposure 

to barium. As the replacement of the gelling ions does not need to happen at the 

same rate as initial solidification, solutions of much lower molarity barium 

chloride for a longer time period also have a comparable effect which allows cells 

to be exposed to low, non-toxic concentrations of Barium. However, it should be 

noted that as barium is toxic, its use should be avoided wherever possible. Hence 

it is preferable to utilise a protocol that minimises the number of stages where 

the beads are washed with calcium free buffer or media. 

 

 

Figure 49: Alginate beads strengthened with Barium after excessive washing with 

PBS. Due to the stronger affinity of the Barium to the alginate blocks when compared 

to Calcium, excessive washing in buffers or medium without Calcium does not deplete 
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the hydrogel of its cross-linking ions. However, while this is a solution to Calcium 

depletion of the gel, it should be circumvented where possible as Barium is toxic. 

The exposure time of the cells to each of the polyelectrolyte and washing 

solutions is only for a few minutes each and appears to have no adverse effect on 

the cells. The following figure shows live cells stained with Calcein to detect 

viability and having blue fluorescent tags adherent to its surface. The blue 

fluorescent tags appear to be mainly around the circumference of the sphere in 

the imaging plane. This is an imaging artefact as these are the only tags in the 

imaging plane. The tags are in fact distributed around the entire surface of the 

sphere with only those near the focal plane of the image being clearly visible.  

 

 

Figure 50: Composite image of an alginate hydrogel sphere containing mesenchymal 

stem cells stained with Calcein (green) and having an outer layer of tags (blue). The 

green fluorescence created from Calcein illustrates the viability of the cells. The blue 

fluorescent tags are clearly distributed around the surface of the microsphere.  



   

  130 

6.3 Information read-out 

To be able to read out the information from each microcarrier, the fluorescent 

tags need to be released from the gel and surrounding layers. Once released and 

in suspension, they can then be analysed using a flow cytometer. To achieve this, 

both the alginate and PLL layers need to be dissolved. The cells and other 

biological material can be either destroyed before the tag analysis or retained 

and excluded from the final analysis by the use of gating during flow cytometry. 

The alginate hydrogel by itself can be readily dissolved using EDTA or a similar 

buffer which will remove the Calcium ions. Sodium EDTA will remove the cross-

linking calcium ions from the hydrogel as they have a higher affinity to the 

carboxylic acid than to the alginate chain. Without crosslinking ions, the alginate 

chains in the hydrogel return into aqueous solution and diffuse across the 

solution. The dissolved alginate can then be removed by spinning down and 

washing if required. Poly-l-lysine, however, is unaffected by EDTA so that if only 

the alginate gel core is removed from the bead, a very thin shell with a liquid 

core will remain. To break up the layers of PLL, the molecular chain of PLL can be 

broken down into shorter segments which will no longer form a coherent shell 

or film. This can be done by using readily available enzymes such as Trypsin, 

which is conveniently often supplied in EDTA and thus presents a ready to use 

dissociation solution. Alternatively to Trypsin EDTA, similar enzyme reactions 

can be used from commercial products such as TripLE Express. Using 1x Trypsin 

EDTA, depending on the hydrogel beads, their culture conditions and their 

storage state, the beads do not always completely dissolve at the first attempt. 

Particularly after extended cell culture, dissolution appears to be slower and 
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requires a higher dose of chemicals. It is possible to dissolve the beads and spin 

down the resultant suspension of cells and microtags and add fresh dissolution 

solution to the sample if the initial dissolution was unsuccessful.  To minimize 

the time and volume of liquid needed to dissolve a bead completely, it is 

advisable to use 10x concentration of Trypsin or TripLE, both of which can be 

ordered as standard products. Best results were observed when using a higher 

strength solution at elevated temperatures such as using a 10x Trypsin EDTA 

solutions for 24h incubated at 37°C. While this combination of EDTA and enzyme 

will dissolve and dissociate the hydrogel bead and tag containing layers, it does 

not destroy the contents of the microbead such as the differentiated cells and 

tags. This is in contrast to the current CombiCult process where microcarriers 

are dissolved in hydrochloric acid at elevated temperatures. This completely 

destroys the microcarrier and all biological material leaving behind only the tags. 

Thus when a dissolved alginate sample is read by a FACS machine, the device will 

pick up extra noise, i.e. data points which do not show up in the gated regions 

and are generally not fluorescent in the same spectrum as the tags. Much of this 

noise will be cells and associated cellular debris. 
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Figure 51: Example FACS graphs of tags from a dissolved Alginate-PLL bead. The first 

plot shows the gating for relevant tag sizes. A large amount of debris is visible in the 

plot. The histogram shows the fluorescent tags being identified correctly identified as 

a single specific tag type which could be mapped to an experimental condition. 

In the future however, it might prove useful to actually read additional data from 

the cells at the same time. If the cells are stained with antibodies or other dyes, it 

might be possible to get additional qualitative and quantitative data from the 

beads such as the number and fluorescent intensity of cells. In combination with 

the pathway data obtained from reading the tags this data might give useful 

additional information for clustering and pathway analysis. This will be covered 

in more detail in Chapter 9 (page 167). Alternatively, the cells can be destroyed 

to minimise noise through the use of hydrochloric acid, papain or similar agents. 
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6.4 Culturing 

The basic procedures of cell culturing such as refreshing and changing media, 

incubation, fixing, etc. are similar to regular cell culturing during a CombiCult 

experiment. The cell media can is replaced and refreshed regularly after the 

same time periods as in standard cell cultures of comparable cell density, as 

outlined in section 3.8 (page 72).  

 

The primary difference in cell culturing is that all media used are required to 

contain Calcium. If the hydrogel beads are repeatedly exposed to and cultured in 

media or buffers without any Calcium or other divalent ions, the cross-linking 

calcium ions can eventually be washed out of the hydrogel resulting in the cross 

links being broken and the gel reverting to its liquid form. 

 

Additionally, the actual procedure of media changes and refreshing differs 

somewhat from standard culture. The alginate beads have a density very close to 

water and are non-adherent which allows them to settle at the bottom of a well 

plate but they can also be easily brought into suspension by gentle mixing. Thus, 

care has to be taken not to inadvertently take up any of the microspheres with a 

pipette during the removal of media or buffer. At the same time however, this 

can be advantageous as transferring of the entire well culture to a new plate can 

be easily achieved using a large tip pipette. As with microcarrier culture, no 

trypsinisation or similar process is necessary as the alginate spheres can be 

simply transferred in suspension without the need for the cells to be detached. 

Conversely, pipettes with fine tips, the diameter of which is too small to allow 
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through an entire microbead, can be used to easily remove virtually all the 

medium or buffer from a well, making washing or medium changes simpler. To 

avoid a bead being drawn to the tip of the pipette and attached through the 

negative pressure, the pipette can be placed against a wall or corner of the well. 

As the microbeads are made of a hydrogel material, they will temporarily retain 

liquid and remain hydrated even if there is no visible liquid left in the well plate. 

The evaporation of liquid from beads left without suspension liquid or media is 

negligible for the time periods common during normal work steps. As soon as 

the beads are re-suspended in a fresh medium or different buffer, the liquid 

contained in the hydrogel will continue diffuse with the surrounding liquid and 

the cells will be exposed to the chemicals in the newly added medium or buffer. 

While this approach to medium changes minimises the number of washes 

needed, the time required for each wash may be longer than usual as the 

diffusion of chemicals and growth factors across the hydrogel and additional 

layers may take extra time. Any medium or buffer used for washing should 

therefore be left on the beads for a period of time. The exact time period 

required has not been determined fully but approximately 15 minutes in each 

washing buffer are currently deemed sufficient.  

6.5 Biological Functionality 

Functionality and viability of these multi-layered structures is vital if this system 

is to be successfully used for cell culture applications such as a method to find 

new differentiation pathways. To this end, a large number of different 

experiments were performed using a variety of cell types and protocols. To test 
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this, staining for viability as well as expression of built-in markers and antibody 

stains were used to assess the cells for viability and function. 

6.5.1 Viability 

Viability was assessed primarily through the use of Calcein AM staining. This 

refers to the use of the acetomethoxy derivate of Calcein which can be 

transported through the cell membrane (Sigma Aldrich). Once inside a cell, 

esterases only present within living cells remove the acetomethoxy group which 

allows the molecule to give out a strong fluorescence in the green spectrum. As 

only live cells are able to convert the molecule to be fluorescent, this means that 

live cells can be easily identified as brightly green fluorescent while dead cells 

will be non-fluorescent (Sigma Aldrich).  

 

Figure 52: Calcein Staining of 46C mouse embryonic stem cells 1 day post 

encapsulation at different magnifications showing both bright field (a, c) and 

fluorescent images (b, d). The fluorescence from the Calcein staining demonstrates 
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viability after encapsulation as only live cells will take in Calcein and become green 

fluorescent. 

A variety of cells were encapsulated and subsequently cultured for several weeks 

during which aliquots were regularly stained for viability and imaged at different 

stages into their culturing. The figures above and below show the same culture of 

46C embryonic stem cells cultured in a stem cell expansion medium at different 

time points.  

 

Figure 53: Calcein stained 46C mouse embryonic stem cells 14 days post 

encapsulation at different magnifications showing both bright field (a, c) and 

fluorescent images (b, d). The fluorescence is derived from Calcein which only 

becomes fluorescent when taken in and processed by live cells. This illustrates 

viability two weeks after encapsulation. Viability can be maintained for prolongued 

time periods as with regular cell cultures. As the cells are fully viable within the gel 

they will continue to expand and divide which can be seen to have led to the 

development of colonies within the gel. 
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It is immediately apparent from the Calcein staining that encapsulation did not 

induce a noticeable or significant change in viability of the encapsulated cells. 

This is in line with what is expected from bio-electrospraying. Additionally, 

proliferation and expansion of the stem cells can be seen when comparing the 

images of the same culture taken on day 1 and on day 14. Over 14 days of 

culturing, the initially homogenously distributed individual cells have grown into 

large colonies. The number and size of these colonies is too high to be explained 

by migration of the cells through the hydrogel toward each other to form 

agglomerates and thus must be derived from cell division. 

 

The previous figures above thus illustrate general viability of cells in the alginate 

microspheres, both throughout the encapsulation process as well as during long 

term culturing. Within the alginate gel, as in regular 2D cell culture, the cells 

cultures can overgrow if left expanding rapidly or for a prolonged period of time. 

This is not unique to alginate microspheres but means that, as with any 

microcarrier system, media and time frames have to be chosen to avoid 

excessive expansion of the cells. If a medium designed for rapid cell expansion is 

used to culture the cells, the experiment is limited to a time frame such that the 

cells will not outgrow their hydrogel beads.  
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Figure 54: Encapsulated BG01 hES cells showing the effects of excessive expansion 

within the hydrogel. This can occur either when the initial concentration of cells is 

excessive or when the cells are cultured in expansion media for an extended time 

period. In general, this should be avoided during experiments as it can lead to lumps 

of cells separating from the hydrogel beads. 

Excessive cell growth can lead to cell clusters which start to protrude from the 

hydrogel sphere (Figure 54 a) until eventually they appear to separate or ‘drop 

off’ as unconnected, large cell clusters which appear in the medium alongside the 

clusters within the alginate spheres. This can occur when the initial 

concentration of cells is excessive leading to rapid overgrowth or when the cells 

are cultured in expansion media for an extended time period leading to eventual 

overgrowth over several weeks. In general, this should be avoided during 

experiments as it can lead to lumps of cells separating from the hydrogel beads.  

 

For the technique to be useful for the CombiCult methodology, it is important 

that it is as universally applicable to as many cell types as possible. Hence 

experiments were repeated with a variety of different cells, both mouse and 

human, to ensure that cell the observed cell viability is not simply an effect of a 

single cell line particularly suited to the hydrogel but can be shown with other 
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cells types. Figure 55 below summarises representative micrographs to 

demonstrate the viability of different types of stem cells. The bright field images 

(left column) show the cells encapsulated in an alginate hydrogel sphere while 

the fluorescent images (right column) for each cell line show the viability 

through Calcein AM fluorescence. It should be noted that for the human 

embryonic stem cell lines BG01 and Shef1, growing in clusters, the exposure time 

had to be reduced to avoid overexposure of the larger colonies which leaves 

individual cells and smaller colonies appearing darker in comparison. Thus the 

apparent lower brightness of some cells to the individual cells when compared to 

individual 46C and MSC cells is due to the imaging rather than the brightness of 

the individual cell. 
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Figure 55: Brightfield imaging and Calcein staining of a variety of different cell types 

in alginate beads, both mouse and human, showing viability. The Calcein molecule is 

taken up and processed to create a green fluorescence in live cells only. The images 

thus show viability of the entire variety of cells displayed above. BG01, Shef1 and MSC 

are human stem cells while 46C are mouse embryonic stem cells. 
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6.5.2 Maintenance of Phenotype 

The presence of Alkaline Phosphatase can be detected through staining using a 

specialised kit, purchased from Vector Laboratories. In these experiments, it is 

used mainly to show pluripotency of stem cells. As a relatively simple stain it can 

also be useful to show non-specific differentiation. That is, if samples from a 

given cell culture initially stain positive but after several days or weeks samples 

from the culture no longer stain positive with unchanged viability, the cells must 

have differentiated from pluripotent cells into precursors or further specific 

differentiated cell types. Without antibody staining or similar investigation 

however, it is not possible to determine conclusively which tissue type or 

precursor the stem cells differentiated into. The figure below illustrates the 

pluripotency of mouse embryonic stem cells after encapsulation in an alginate 

hydrogel. The Alkaline Phosphatase stain gives the cells a blue colour which 

indicates that they maintained their pluripotency and are not perturbed by the 

electrospraying process. 

 

Figure 56: Alkaline Phosphatase staining of 46C cells 1D post encapsulation showing 

pluripotency being maintained by the cells placed in the hydrogel. 
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After a given time period time, pluripotency depends mainly on the 

differentiation/culture medium the cells were cultured in. The following figure 

exhibits clearly the difference between two cultures of initially identical cells 

split into two aliquots and cultured under different conditions. Panel A shows 

cells cultured in a neural differentiation medium while panel B shows cells 

maintained in a stem cell expansion medium. The difference in the alkaline 

phosphatase staining (blue) is clearly visible indicating that while the cells in the 

ES medium maintained their pluripotency, those in a neural differentiation 

medium have differentiated into different cell types and are most likely at a 

precursor stage to neural development. 

 

Figure 57: Alkaline Phosphatase staining of 46C cells 14D after encapsulation, (a) 

cultured in a neural differentiation medium, (b) cultured in ES expansion medium. As 

expected, the cells in the differentiation medium are no longer pluripotent while 

those in a stem cell expansion medium remained pluripotent. This demonstrates that 

alginate beads can maintain ES pluripotency as well as support directed 

differentiation. 

6.5.3 Permeability 

Permeability of the alginate hydrogel and poly-l-lysine layers is important for 

several reasons. Firstly, permeability is necessary for the diffusion of nutrients as 
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well as other chemicals and growth factors vital to the survival and maintenance 

or differentiation of the cells. These need to be able to diffuse through the gel to 

allow them to be absorbed into the cells. Secondly for antibody staining as this is 

the most common method of detecting and demonstrating the successful 

differentiation of cells into a target cell type. Although reporter cell lines can 

used and have certain advantages, antibody staining is generally preferred as it 

is more flexible and does not require the selection of a specifically designed 

reporter cell line. In terms of diffusion, antibodies are amongst the largest 

molecules which will need to be diffused across the multilayers and gel core. 

Antibody staining experiments were performed using the method detailed in 

section 3.8.4 (page 75). Antibody diffusion of a large range of primary and 

secondary antibodies is possible and allowed fluorescent imaging of various cell 

types. Alginate encapsulations can thus be used both to maintain pluripotency 

and to support directed cell differentiation. The detection of positive 

differentiation for certain protocols also demonstrates that the differentiation 

media and its related chemicals and growth factors must have been able to 

diffuse across the outer layers and the hydrogel core. This suggests that all 

commonly used biological compounds and growth factors should have no 

problem in diffusing across the alginate spheres. It is worth noting however, that 

for AB stains, the AB solutions were left to react for much longer than would be 

necessary for a 2D cell culture in a culture flask. The antibodies were generally 

left at least overnight rather than the minimum of a few hours which most 

standard protocols require. 



   

  144 

 

Figure 58: Brightfield, fluorescent and composite images of different cell types 

illustrating diffusion and staining. Green fluorescence is a result of Calcein being 

processed in live cells which illustrates viability as well as the diffusion of Calcein 

across the hydrogel. BG01 is stained red fluorescent using an OCT4 antibody which 

demonstrates the diffusion of larger molecules such as Antibodies. 

6.5.4 Differentiation within a bead 

The ability to differentiate cells within alginate is highly important to the 

CombiCult methodology and thus to the research since without the ability to 

differentiate cells, this technology could not be used to find differentiation 

pathways and would be limited to drug screening and similar applications. 

Consequently, a number of differentiation experiments were performed to show 

the ability of the multi-layered alginate microcarriers to be able to support the 
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differentiation of stem cells into a variety of target cell types and the results are 

summarised below. 

6.5.4.1 Neural 

Neural differentiation is of interest as it could lead to the development of drugs 

or other methods of inducing neural growth to cure many degenerative 

disorders. The figure below shows a cell culture of mouse 46C embryonic stem 

cells beginning to differentiate into neural lineage. The cells were encapsulated 

at an initial concentration of 3x106 cells per ml resulting in approximately 200 

cells per encapsulation and have been allowed to expand and differentiate for 

two weeks. The green fluorescence is created through a SOX1 reporter gene. 

Fluorescence thus indicates differentiation into a neural lineage. 

 

Figure 59: Micrographs of 46C cells in alginate microcarriers after a 14 days exposure 

to a neural differentiation protocol, showing SOX1 expression using GFP. Images (a) 

and (d) are bright field, (b) and (e) using green fluorescence  for the GFP marker 

showing SOX1 expression, and (c) and (f) are composite overlay images of the 

previous two.  
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6.5.4.2 Megakaryocytes 

Another interest is the creation of blood platelets. To be able to create blood 

platelets from a cell line, the cells needs to be differentiated into Megakaryocytes. 

To detect these differentiated cells reliably, the cells were fixed using 

paraformaldehyde upon completion of culturing and differentiation and 

subsequently removed from the alginate spheres by liquidising the hydrogel. 

This was done using Sodium EDTA which removed the divalent gelling ions from 

the crosslinked hydrogel allowing it to become water soluble again. The cells 

were then stained for two known surface markers for Megakaryocyte 

differentiation, CD45 and CD41A. The presence of both markers in a significant 

fraction of the cell sample after the differentiation protocol is a strong indication 

that they are they successfully differentiated Megakaryocytes. 

6.6 Upscaling considerations 

As elaborated in earlier chapters, one of the useful properties of cell 

microcarriers is that their culturing process can be scaled up with relative ease. 

This can be done to serve increasingly complex combinatorial experiments as 

well as to expand and differentiate cells in large quantities. While many 

protocols found will perform similarly well in flat cell cultures, some protocols 

might function more efficiently on the microcarriers on which they were 

developed. Additionally, the use of a bioreactor and cell microcarriers or 

encapsulations can provide a much increased capacity due to the ability to use a 

large 3D volume inside the bioreactor instead of solely the surface area of a 
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culture flask or well plate. This allows large numbers of cells to be grown more 

efficiently which is particularly important for applications such as artificial 

organs or implants, where a large cell mass is required. It is thus important to 

consider the scalability of alginate microspheres. 

 

The protocols outlined above for culturing and tagging alginate microspheres 

can generally be adapted to larger volumes fairly easily. For small volumes, such 

as those used in many CombiCult experiments, tagging can occur in Falcon tubes 

and alginate spheres can be cultured in standard multi-well plates. For larger 

volumes in the tens of millilitres, tagging and culturing can be moved into larger 

vessels such as glass beakers and large volume culture flasks. If the process is to 

be scaled beyond this to deal with volumes in the litres or tens of litres, a slightly 

different approach would be necessary. There are readily available commercial 

solutions which could with reasonable cost and effort be adapted for CombiCult 

split-pool experiments using either microcarriers or alginate spheres. For 

example, GE Lifesciences’ Cytopilot Bioreactor is one such system which could be 

adapted and integrated into a larger system to automate CombiCult culturing. 
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Figure 60: Diagrams illustrating the up scaling of CombiCult to a large scale process. 

(a) shows an overall diagram of an upscaled CombiCult experiment. Instead of wells 

on well plates for individual conditions, each condition is maintained in a separate 

bioreactor. Each one of these is connected to reservoirs of the required media and 

washing liquids as well as the pooling vessels. This is shown in (b) where the 

connections to each Bioreactor are illustrated. Each Bioreactor has two types of 

connections: culturing and split-pool. The culturing includes media, washing buffers 

and drainage connections while the split-pool circuit would include connections to a 

common pooling vessel for all conditions from which they can be split into aliquots 

and re-distributed into individual Bioreactors for the next stage.  

For a very large scale system, a different spinner flask or BioReactor would be 

needed for each condition together with a vessel large enough to allow the 

pooling of all the microcarriers at each split-pool stage and the related 

connections, as illustrated in Figure 60. Tagging and layering would be 

performed in each individual bioreactor which would need to contain two 

outlets connections. One outlet is required to remove excess liquid for washing 

and refreshing of media which needs to contain a cell strainer or similar 
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implement to avoid loss of microcarriers or alginate spheres. A second 

connection without filter is required to allow the beads to be transferred into a 

larger pooling vessel after washing. After the bioreactor for each condition has 

been emptied into the pooling vessel, the contents of this would be mixed and 

then divided and distributed back into each bioreactor for the next stage. Care 

would have to be taken to minimise losses of microcarriers in the tubes, valves 

and various containers. This should be easily overcome by simply flushing 

thoroughly with PBS or plain basal media. 

 

In terms of a comparison of microcarriers to alginate spheres in this context, 

alginate spheres might be expected to perform better with such a systems than 

microcarriers. This has a number of reasons. Firstly, alginate spheres tend to be 

less adherent to surfaces and thus the loss rate will be lower. Further, alginate 

spheres are very stable and can effectively protect cells from shear stress contact 

friction unlike microcarriers where cells often grow directly on the outside 

surface of the microcarriers and are thus exposed to liquid shear forces as well 

as surface friction from other cells and microcarriers. 
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7 AlgiCult Trial 

An experiment was set up to combine all the steps mentioned in the previous 

chapters into a single CombiCult style experiment with Alginate microspheres, 

informally referred to as AlgiCult. 

7.1 Experiment 

A CombiCult matrix experiment was designed for the validation of the technique 

incorporating all the previously mentioned stages into a single experiment. The 

matrix was chosen to be a 7x3 matrix using mesenchymal stem cells (MSCs) to 

differentiate into Chondrocytes or Osteocytes. The cell type chosen was MSC A 

(PromoCell). The cells were initially cultured in T25 culture flasks using StemPro 

MSC Serum Free Medium (Invitrogen) until confluent. 

 

Table 4: The matrix setup as defined for the Alginate CombiCult experiment. 

Conditions are denoted by different letter for different media containing various 

growth factors and chemicals. MSC denotes basal Mesenchymal stem cell expansion 

medium. All conditions are detailed in the appendix. 

The conditions were chosen to include known positive protocols for both 

Osteocytes and Chondrocytes in addition to a condition of chemicals from 

different positive protocols and as well as negative conditions. A positive and 

negative condition each was created by a ranking of the chemicals according to 

their frequency of occurrence in successful cell culturing protocols from a 

Matrix Setup 1 2 3 4 5 6 7

Week 1 A B C D E F MSC

Week 2 G B C H E F MSC

Week 3 I J C E F MSC
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previous CombiCult and selecting the best and worst chemicals respectively. This 

was done by counting the number of times any given chemical was part of a 

successful pathway and ranking them in order of most to least commonly used in 

successful media. The top three chemicals were then chosen to create a new 

positive medium while the bottom three chemicals were selected for a new 

negative medium.  

 

The beads were tagged before the first and second split-pool stages. Using the 

method outlined in section 6.2 (page 123). All tags were prepared and sterilised 

two days previous to the tagging and layering stage. For each tag, a certain 

volume was taken from the storage bottles calculated to contain 200 individual 

microsphere tags per alginate microbead. Each aliquot was placed in a 1.5ml 

centrifuge tube and left for 24h to settle by gravity. The supernatant was then 

removed and 70% ethanol in distilled water added to sterilise the tags. After 

vortexing to ensure even mixing, the suspension was again left for 24h to settle 

by gravity. Centrifugation was avoided as it has in the past led to tags forming 

small clusters. Once the tags have settled, the ethanol supernatant is removed 

and replaced by a PBS buffer shortly before use and vortexed to ensure good 

mixing. For the layering process, 1ml Pasteur pipettes were used as the beads 

are of sufficient size not to be taken up by these pipettes which allows for the 

removal of virtually all of the liquid not absorbed in the hydrogel without losing 

any of the microbeads. Once all excess liquid is removed, a 0.1% PLL solution 

(Sigma Aldrich) was added for 5 minutes with occasional agitation through 

gentle pipetting. All excess liquid was then removed and a pre-prepared 

suspension of tags in PBS (as above) was added. This was left for 5 minutes with 
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occasional gentle agitation. The excess liquid containing the tags was then 

removed completely and 0.1% Alginate in PBS added for a further 5 minutes. The 

process was then repeated with PLL and Alginate to add an additional retaining 

layer. The process for the second stage tagging was done accordingly. The tags 

used at each stage are outlined in the table below and the concentration of tags 

was calculated to be 200 tags per bead.  

 

Table 5: Tags used in the Alginate CombiCult Experiment. Nomenclature of the tags is 

an abbreviation of size, colour and relative intensity. For example 5R9 denotes a tag 

of 5µm size which is red fluorescent with a relative intensity of 9 on a continuous 

scale of all tags of the same type. 

At each stage, the cells were cultured in the alginate hydrogel spheres for one 

week with the medium being refreshed every two days, as described in section 

3.8 (page 72). At the actual split pool stage, the new protocol is slightly less 

complicated and faster than the current methodology used in CombiCult. All 

conditions will have already been washed from excess tags by the multiple 

washes during and following the LBL process so that no extensive washing is 

required at this stage for AlgiCult as it would be for CombiCult. The liquid from 

each well is taken up before and replaced by a neutral medium containing no 

growth factors or other chemicals such as DMEM. The microbeads are then 

brought into suspension by gently agitating using a serological pipette and then 

Tag Cat. No. Lot No. Tag Cat. No Lot No.

5R6 FM5CR06B 36739 3R5 XPR-1917 6099

5R7 FM5CR07B 36740 3R6 XPR-1918 6100

5R8 FM5CR08B 36741 3R7 XPR-1919 6101

5R9 FM5CR09B 36742 3R8 XPR-1920 6102

5R10 FM5CR10B 36743 3R9 XPR-1921 6103

5R11 FM5CR11B 36744 3R10 XPR-1922 6104

5R12 FM5CR12B 36745 3R11 XPR-1923 6105

W
e
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taken up and transferred into a v-bottom falcon tube. This is repeated for each 

condition until all beads from all conditions are contained in a single tube. This 

completes the pooling step. The beads settle quickly by gravity alone at the 

bottom of the flask and the supernatant can be removed. The beads are then 

distributed equally across the wells for each condition so that each condition for 

the next stage contains an approximately equal number of microbeads and the 

wells are filled with culture media for the next stage.  

 

After the final culturing stage, all cells were fixed within their alginate 

encapsulations using 4% Paraformaldehyde (PFA) in DPBS for 4 hours. The 

beads were then washed using DPBS to remove any excess PFA. Once the 

washing is complete, the beads can be refrigerated for prolonged time periods 

for later analysis. 

7.2 COPAS large diameter flow cytometry 

To allow for the detection of differentiated cells using fluorescent markers, the 

cells encapsulated within the hydrogel beads need to be stained using 

antibodies. The method is as described earlier in section 3.8.4 (page 75). Briefly, 

cells were permealised using 0.1% Triton X-100 in DPBS for 2 hours and, after 

washing with DPBS + BSA, stained with primary and secondary antibodies. 

Antibody stains were used in a concentration of 1:100. To stain for Osteocytic 

differentiation, the primary antibody used was a mouse monoclonal IgG1 Anti-H 

Osteocalcin antibody from R&D Systems (MAB1419). The secondary antibody 

used was AlexaFluor 418 (green) Goat Anti-Mouse IgG (H+L) from Molecular 

Probes (A11017). To stain for chondrocytic differentiation, the primary antibody 
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used was polyclonal Rabbit IgG Anti-H Collagen II antibody from AbD Serotec 

(2150-0060). The secondary antibody used was AlexaFluor 568 (red) Goat Anti-

Rabbit IgG (H+L) from Molecular Probes (A11072). Primary antibodies were left 

to diffuse over a period of 72 hours while secondary staining was done over 24 

hours. 

 

The general method for COPAS flow cytometry is described earlier in Chapter 3.3 

(page 58). While the COPAS device is capable of detecting fluorescence in three 

colours, no yellow fluorescence was used in this experiment and thus the sorting 

was based on green and red fluorescence only. 

 

 

Figure 61: FACS sorting of complete alginate microbeads. The graph on the left is used 

for general gating. By plotting Extinction (optical density) against time of flight 

(optical length) the sample can be sorted for size and shape.  

The gating and sorting plots in Figure 61 show the distributions for one of the 

conditions of the combinatorial experiment. Exctinction is a measure of the 

optical density of the sample while time of flight measures the optical length, i.e. 

size, of the sample. The measured distribution is fairly wide across optical 
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density, particularly when compared to using opaque microcarriers. This is a 

probably a result of differing cell densities and distributions inside the 

transparent microbeads. 

 

The sorting of beads using the COPAS unfortunately was not fully successful. 

There were issues with the system not attempting to isolate samples which were 

positively identified while at other times flooding the well plate indiscriminately 

with overflowing samples due to system malfunctions. The system did sort 

control samples of alginate and occasionally also malfunctioned when using 

microcarriers which the system did sort in the part. This indicates that the 

problems are not limited to or caused by this specific experiment or set of 

encapsulations but may be caused by general problem with the COPAS flow 

cytometer. As the high intensity laser degrades the fluorescent signal rapidly 

after the first passes, the samples cannot be repeatedly put through the system 

to attempt to sort them automatically. Consequently, following the problems 

with the automated sorting of samples, the decision was made to try to isolate 

particularly positive beads, i.e. very brightly fluorescent ones, by hand using a 

fluorescent microscope and a pipette with a very fine tip. Using manual selection 

is more time-consuming and can be subject to human error and bias but avoids 

excessive exposure of the sample to the intensive laser light. 
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Figure 62: Red fluorescence composite micrographs of alginate microbeads in each 

condition. Each image is a composite comprising of a large number of individual 

micrographs of the same well. Each well for each condition at the final stage after 

fluorescent staining for chondrocytic differentiation 

 

Figure 63: Green fluorescence composite micrographs of alginate microbeads in each 

condition. Each image is a composite comprising of a large number of individual 
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micrographs of the same well. Each well contains all the beads for one condition at 

the final stage after fluorescent staining for osteocytic differentiation 

The images above show the complete sample of alginate beads in each of the 

wells of a 6-well plate. The micrographs are composite images of several 

hundred high magnification micrographs each taken in both green and red 

fluorescent channels which were then digitally stitched together to create a large 

scale composite for each fluorescence wavelength. From the fluorescent 

microscopy, the brightest beads in each condition were then selected manually 

and transferred using a 1ml Pasteur pipette with a fine tip into individual 5ml 

�\\\��\\\��\\\��\\\�CANTO II flow cytometry 

 

7.3 CANTO II flow cytometry 

Flow cytometry to read out the tag data from digested beads, as described in 

section 6.3 (page 130) was performed as described earlier in sections 3.6 (page 

67). Briefly, the ’hits’ picked and isolated into individual sample tubes were 

digested for 24h in TripLE Express (Invitrogen) before being sonicated and 

manually agitated to ensure that the tags were fully suspended. Each sample was 

then suspended in PBS with Tween20 (Sigma) and individually analysed using 

the Canto II flow cytometer. Only one fluorescent wavelength, i.e. one colour, was 

used so that all tags would be picked up by the same detector. The tags can be 

differentiated by size and brightness. The following histograms show the control 

sample which was used to calibrate the system and determine the gates for each 

tag/condition.  
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Figure 64: FACS readout of the control sample containing all tags used in the alginate 

CombiCult experiment 

 

Figure 65: FACS readout of a sample from the alginate CombiCult experiment showing 

successful tagging and readout of one type of tag from each step in insufficient 

numbers  
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The figure above illustrates a sample of a common readout from this experiment. 

There are two peaks clearly identifiable within two of the gates, one for each of 

the first two stages of the experiment. It would in theory be possible to attempt 

to the data from a sample like the one above and continue with the data analysis 

of the entire dataset to identify patterns and differentiation pathways. However, 

peaks with extremely low counts such as these can be argued to be statistically 

insignificant so the dataset overall might contain erroneous readings leading to 

incorrect clustering and false positives when identifying pathways. 

 

Figure 66: FACS readout of a sample from the alginate CombiCult experiment showing 

a clear and strong signal from tags of the first stage but unclear data from the second 

stage 

The above figure shows successful tagging from the first stage of the experiment 

with a single, clearly defined, strong peak. This suggests that the tags from the 
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first stage of the experiment did adhere to the surface of the alginate sphere for 

the duration of the experiment and subsequent analysis. However, for the second 

experimental stage, tagging of this particular bead was evidently not successful. 

There are different peaks of individual tags with counts of only one or two tags. 

This suggests that there is some small amount of ‘tag hopping’ where tags were 

transferred from one bead to another. The main conclusion drawn from this is 

that the number of tags in the suspension was insufficient to tag all beads. Some 

beads which were in proximity to where the droplet containing the tags was 

dripped into the well appear to have received a sufficient number of tags while 

other beads did not have enough tags adhering to their surface. Additionally to 

issues with the overall quantity of tags, there could also be effects from the large 

concentration of beads within an individual well. If the microsphere tags are too 

easily attached electrostatically to the first bead they come into proximity to, 

gentle agitation of a suspension containing both alginate microbeads and 

fluorescent microspheres might not be sufficient to allow all beads to come into 

contact with a sufficient number of tags. It might thus be necessary to perform 

the tagging in a larger fluid volume. 

7.4 Analysis 

For this experiment there were issues both with selecting individual beads 

through the automated flow cytometer and with the data read out from these 

beads. The problems are not general systemic problems but rather are limited to 

specific parts of the experiment. The types of malfunctions experienced during 

COPAS flow cytometry are not a phenomenon unique to the alginate CombiCult 

system and have been observed with different samples including standard 
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samples of Cytopore microcarriers. This suggests that these issues may be 

caused by the cytometer rather than the sample or the experiment. To avoid loss 

of the sample or sample fluorescence, the samples were thus inspected under a 

fluorescent microscope and hits picked manually using pipettes. However, there 

were too few clear hits to be able to draw a significant amount of data from the 

experiment. This was compounded by issues with tag detection using the Canto 

II flow cytometer. This meant that it was not possible to complete a pathway and 

clustering analysis of the experimental matrix and thus no pathways were 

identifiable. 
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8 Conclusions 

The initial research objective was to create a novel information encoding system 

for cells using sprayed encapsulations instead of microcarriers. The approach 

chosen to do this was to encapsulate cells in alginate hydrogel spheres through 

electrospraying. Information encoding would be performed through the addition 

of tags in additional layers, initially also intended to be created through 

electrospraying. 

 

The existing CombiCult system was analysed step by step for suitability to use 

alginate encapsulations instead of the current microcarrier technology. 

CombiCult is method of applying a combinatorial approach to stem cell culture. 

The regular approach to finding a differentiation protocol requires scientists to 

sequentially try a number of protocols until a successful one is found. CombiCult 

instead works by using a large matrix of conditions in a single experiment to 

explore a vast number of permutations simultaneously. Microcarriers are used to 

put cells through the matrix and cover all permutations. Once the experiment is 

completed and the cells are fixed, genetic markers or antibody staining can 

reveal the beads which successfully differentiated to the cell type intended. 

These are sorted from the bulk of the sample by large particle flow cytometry. 

The set of conditions each successful bead was exposed to over the duration of 

the experiment is then read, again through flow cytometry, and the resultant 

data set analysed for correlations. From this analysis, differentiation pathways 

can then be selected and validated manually.  
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There are several differences in culturing which need to be taken into account 

and some limitations. Mainly, no calcium free buffers or media can be used when 

working with an alginate hydrogel culturing system. There are also some 

advantages over the existing technology. Non-adherent cells can be encapsulated 

and immobilised in the hydrogel without the need for cell adhesion. This allows 

for the use of the CombiCult combinatorial approach on a larger variety of cells 

than previously possible. Some differentiation experiments, such as those 

involving haematopoietic stem cells or blood lineage differentiation cannot be 

performed on microcarriers which require cell surface adhesion but such cells 

can be immobilised in a hydrogel. 

 

The parameters for the alginate electrospraying process were analysed and 

operational maps created. This allows for the selection of parameters which 

result in reproducible and uniform sphere sizes for experiments. Additionally, 

using this data, it is possible to select outline parameters for new experiments 

based on previous work rather than relying on lengthy experimentation and 

setup for each new experiment. 

 

The biological functionality of the cells in the alginate microspheres has been 

shown to be unperturbed. This was confirmed using a number of cells types, 

including mouse and human embryonic stem cells, as well as different 

differentiation and culturing protocols. The alginate microbeads system and 

layer-by-layer tagging methodology have thus been shown to have no adverse 

effect and thus be used for combinatorial stem cell differentiation as well as 

general culturing. 
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The initial approach to creating multi-layered constructs for information 

encoding was to re-suspend previous alginate encapsulations in a fresh solution 

of alginate and to re-electrospray and encapsulate the entire bead in an 

additional layer. This approach proved fruitless as it was beset by a number of 

limitations such as low yield and high waste as well as periodic blocking up of 

critical components. 

 

A second approach to layering was found whereby additional layers would be 

created by adsorption of polyelectrolytes onto the surface of the existing spheres 

in a layer-by-layer fashion. Using poly-l-lysine as a cationic and alginate as an 

anionic polyelectrolyte, alternating positive and negative layers can be built 

around the surface of the initial alginate sphere. Spherical tags several 

micrometers in size which themselves carry a charge can electrostatically attach 

to the surface of the microspheres. These are then held in place by creating 

additional layers to sandwich in the tags and improve their retention. 

 

The alginate microspheres are larger than the existing microcarriers but are still 

well within the size limits for the COPAS large particle flow cytometer and can be 

sorted using this. These multi-layered, tagged alginate microspheres can then be 

analysed in a similar way to the current microcarriers. To do this, the alginate 

beads and layers need to be dissolved to allow the tags to go through a flow 

cytometer. The alginate can be dissolved using EDTA while the PLL can be 

neutralised using an enzyme such as Trypsin. This does not destroy the cells 

themselves which currently remain in the solution and are simply excluded from 
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the analysis during the flow cytometry by means of gating. The data resulting 

from this can be analysed as before to find differentiation pathways. 

 

The newly developed technique has both advantages and disadvantages over the 

current technology and is currently best used in conjunction with it and to 

complement it. While the existing system has the advantage of years of testing 

and optimisation by a Plasticell and currently could be argued to be more 

reliable, there are a number of advantages already present in the new AlgiCult 

system which will in all likelihood become more pronounced as the process 

becomes routine and is optimised further. The main advantage of using the 

alginate encapsulation and layering system is that it can handle different and 

more types of cells than the existing CombiCult technology. Alginate 

encapsulations can be prepared of virtually any cell type, both adherent and non-

adherent, regardless of their natural preferred substrates or culturing surfaces. 

However, closer investigation into a larger number of cell types may reveal some 

types or cell lines that would grow more successfully on the macroporous 

microcarriers currently used in CombiCult. AlgiCult thus is not a complete 

replacement of the existing CombiCult technology but rather supplements it by 

allowing the use of wider variety of cells and pathways to be evaluated using this 

combinatorial approach.  

 

A potential disadvantage of the AlgiCult system is that the beads used are larger 

than the previously used microcarriers and as such not only require a larger 

volume of culture media, some of which are very expensive, but also require a 

larger number of cells initially to set up a combinatorial experiment. It can be 
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argued however, that a larger number of cells on each unit going through the 

combinatorial matrix will allow for more representative results with less 

statistical noise. 

 

Overall, the system has been shown to be functional but some optimisation is 

still necessary. There are a number of issues that should be addressed and 

improved in the future for the technique to become fully established. These will 

be addressed in the following chapter on future work. 
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9 Future work 

The next steps in this research should be to optimise the system further and 

remove any currently encountered shortcomings. The immediate focus should 

be on tag concentrations as well as flow cytometry, both for sorting and tag 

analysis. Following this, the system can be improved and automated to a much 

higher degree to increase productivity. 

 

Flow cytometry is one of the areas which should be the first to be addressed by 

any future work. The COPAS flow cytometer currently suffers from general 

intermittent problems, independent of the sample analysed, which need to be 

addressed or worked around. Canto II flow cytometry to analyse tag data 

generally seems to suffer no major shortcomings other than insufficient numbers 

of tags present in some experiments. Consequently, one area of immediate 

interest is to be able to determine the minimum and ideal amounts of tags that 

need to be added to the microbeads during culturing for the data to be 

sufficiently clear at the analysis stage. An experiment could be setup where 

culture conditions are identical but each well uses a different concentration and 

type of tags. Keeping all other steps identical for the different samples, this 

should allow the identification of a range above which sufficient tags are added. 

Additionally, by using a number of different types of tags at identical 

concentrations, different types of tags can be compared and contrasted to allow 

for the selection of the most suitable one. It may also be of interest to compare 

the currently used negatively charged microsphere tags, which adhere to the 
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positive PLL layer, with positively charged tags, which should adhere to the 

alginate instead. 

 

Tagging could also be taken further by using more complex tagging methods. In 

addition to using a single tag type for each individual condition, the layer-by-

layer tagging of the alginate also lends itself to more complex applications. For 

example, a combination of two tags for a single culturing stage could be used or 

tags could be used as a binary encoding system. Using three sizes of 10 unique 

tags each and tagging at every stages of a three stage experiment, the standard 

tagging methodology would allow for a maximum experimental size of a three 

stage experiment with ten conditions each, i.e. 103 pathways. However, using a 

combination of two tags for each condition and using each tag for a different 

stage, would allow for 45 identifiable combinations leading to 9.1x104 pathways 

in total. Using combinations of two tags with a larger selection of size and 

intensity, this could easily be increased above a hundred conditions at each stage 

resulting in over a million possible permutations or pathways. There are also 

other alternatives such as binary tagging, where each condition number would 

be encoded in a binary number format with each bit being represented the 

presence or absence of a certain tag. While care would have to be taken to ensure 

a sufficient number of tags for each bit, this could potentially be used to encode 

thousands of conditions leading to billions of permutations. 

  

Another factor of interest to future research is the thickness of the adsorption 

layers. This could be investigated using a large multiparameter experiment using 

different concentrations of adsorption solutions and exposure times to create 
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operational maps. The experiment should be focussed by several areas of 

interest. First, detailed studies of adsorption and thickness of the layers shoud be 

conducted to understand its effects on tag surface adhesion and retention. This 

will allow a better understanding of the optimal conditions to attach and retain 

tags to the microspheres. Secondly, biological functionality and diffusion times of 

chemicals, growth factors and antibodies need to be investigated with respect to 

the number and thickness of adsorbed layers, particularly for repeated tagging 

beyond the current three stage experiments. This might be best done by using a 

diffusion cell with uniform planar gel and membrane layers. Data from these 

experiments will allow the determination of optimal diffusion times both for 

culture media as well as antibody staining. Depending on the results, it might be 

necessary to allow for extra time for diffusion if a large number of additional 

layers have been added to the microspheres. As the thickness of the layers 

cannot be easily measured using standard microscopy, future studies could 

attempt to measure this using confocal microscopy with modified fluorescent 

polyelectrolyte layers as demonstrated by Strand et al (2003).  

 

The focus of future biological research should aim to address the cell types 

usable in both the existing porous microcarrier and new hydrogel alginate 

techniques. A large scale study on a number of different cell types, from primary 

to stem cells as well as from animal models and human cells could provide 

interesting results. An additional factor that needs to be investigated is the issue 

of some rapidly expanding cells outgrowing the hydrogel and the degree to 

which this happens in AlgiCult compared to microcarriers and other 

technologies. It might be necessary to use media which are lower in nutrients to 
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avoid excess cell growth and division. The use of any such media would have to 

be investigated carefully with respect to their effects on cell differentiation. 

 

Once the alginate system has been optimised as outlined above, there should 

ideally be a full comparison with CombiCult. This could be done by running 

concurrent experiments with common set-up. Preferably this should be done 

over a number of experiments for a variety of different cells and differentiation 

pathways. For each experiment, a single matrix of conditions should be created 

for both an AlgiCult and CombiCult. The conditions for this should be newly 

created or chosen from unrelated literature rather than from a previous 

CombiCult or AlgiCult to avoid the introduction of selection bias. The 

experiments should ideally be performed simultaneously. Once the pathway data 

for each experiment has been gathered and analysed, the protocols found should 

be compared both in terms of original data as well as through validation by 

means of standard cell culture. This will allow for a proper comparison of the 

techniques and their results and allow the technique to establish itself as a 

separate, objectively comparable approach. 

 

Finally, once the process is fully explorer and stable, further automation should 

be introduced into the system as mentioned in earlier chapters, particularly 6.6 

(page 146). Automated culturing using bioreactors would dramatically reduce 

the man hours needed to run a CombiCult experiment. Both regular media 

changes as well as the split-pool process could be automated using either 

adapted commercial or custom designed systems. This would allow researchers 

to ‘set-and-forget’ the system. Once the system is programmed and both seeded 
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microcarriers or encapsulations as well as all required culture media are 

supplied to the system, the rest of the combinatorial experiment could be run 

autonomously up to the stage where the cells are fixed. The analysis process 

could also be automated to some degree. After a researcher has selected an 

appropriate antibody and stained the cells, COPAS sorting could be simplified by 

treating all conditions as a single sample. This can be done by tagging in the final 

stage rather than keeping the beads separated and using this to determine their 

final condition. This would allow the COPAS to scan and sort the samples more 

efficiently into well plates. Canto II flow cytometry could then also be further 

automated. Using an automatic well plate feeder system, rather than the current 

individual tube and carousel system, the samples sorted through the COPAS can, 

in theory, be scanned quickly and with relative ease for tag data. Using an 

improved version of the Ariadne software, the data for the pathways can then be 

evaluated as before. Not only would automation speed up the process and 

drastically reduce the amount of human intervention and time spent on an 

experiment, but it would also create a system less dependent on human 

intervention. This should lead to more reproducible results and reduce the 

degree of human error and bias. If all the automation outlined was implemented, 

results from CombiCult experiments should be more quickly and reliably 

achievable than currently possible. 
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11 Appendix 

11.1 List of Abbreviations 

AB Antibody 

ANOVA analysis of variance 

BES Bio-Electrospraying 

BSA Bovine Serum Albumin 

CHES cyclohexylaminoethanesulfonic acid 

dH2O Distilled Water 

DPBS Dulbecco’s Phosphate Buffed Saline – PBS with added 

Calcium or Magnesium 

EDTA Ethylenediaminetetraacetic acid 

EHD Electrohydrodynamic(s) 

EHDA Electrohydrodynamic atomization 

ES Electrospaying 

ESC Embryonic Stem Cell 

FACS Fluorescence Activated Cell Sorting 

GFP Green Fluorescent Protein 

hMSC Human Mesenchymal Stem Cell 

MSC(s) Mesenchymal Stem Cell(s) 

PAA Poly(acrylic acid) 

PBS Phosphate Buffered Saline, unless stated otherwise, without 

Calcium and Magnesium 
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PBS-- Phosphate Buffered Saline without Calcium or Magnesium 

PDMS Polydimethylsiloxane 

PFA Paraformaldehyde 

PLL Poly-L-Lysine 

PSS Poly(sodium styrene sulfonate) 

SEM Scanning Electron Microscope 

 

  



   

  179 

11.2 List of Companies and Suppliers 

Abcam 330 Cambridge Science Park 

Cambridge, CB4 0FL 

United Kingdom 

 

AbD Serotec Endeavour House 

Langford Lane 

Kidlington, OX5 1GE 

United Kingdom 

 

BD (Becton, Dickinson 

and Company) 

BD Life Sciences 

The Danby Building 

Edmund Halley Road 

Oxford Science Park 

Oxford, OX4 4DQ 

United Kingdom 

 

Duke Scientific via Thermo Scientific 

 

Fisher Scientific Fisher Scientific UK Ltd  

Bishop Meadow Road  

Loughborough, LE11 5RG 

United Kingdom 
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FMC Biopolymer 

 

FMC BioPolymer AS 

d/b/a NovaMatrix 

Industriveien 33  

N-1337 Sandvika 

Norway 

 

GE Life Sciences 

 

GE Healthcare Life Sciences 

Amersham Place 

Little Chalfont, HP7 9NA 

Buckinghamshire 

United Kingdom 

 

Invitrogen Invitrogen Life Technologies 

3175 Staley Road 

Grand Island 

NY 14072 

USA 

 

Molecular Probes see Invitrogen 

Millipore Millipore (U.K.) Limited 

Suite 3 & 5 

Building 6 

Croxley Green Business Park 

Watford, WD18 8YH 
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United Kingdom 

 

Mikroton Mikrotron GmbH 

Landshuter Str. 20-22 

85716 Unterschleissheim 

Germany 

 

Nisco Nisco Engineering AG 

Wehntalerstrasse 562  

8046 Zurich  

Switzerland 

 

PAA PAA Laboratories GmbH 

PAA-Straße 1 

4061 Pasching 

Austria 

 

Pall  Pall Corporation 

Europa House 

Havant Street 

Portsmouth, PO1 3PD 

United Kingdom 

 

Plasticell Plasticell Ltd. 
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London BioScience Innovation Centre 

2 Royal College Street 

London, NW1 0NH 

United Kingdom 

 

PromoCell PromoCell GmbH 

Sickingenstraße 63/65 

69126 Heidelberg 

Germany 

 

R&D Systems R&D Systems Europe Ltd. 

19 Barton Lane 

Abingdon Science Park 

Abingdon, OX14 3NB 

United Kingdom 

 

StemPro via Invitrogen 

 

Thermo Scientific 46360 Fremont Boulevard 

Fremont 

CA 94538 

United States 

 

Union Biometrica 84 October Hill Road 
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Holliston 

MA 01746 

United States 

 

University College 

London (UCL) 

Gower Street 

London, WC1E 6BT 

United Kingdom 

 

Vector Laboratories 3 Accent Park 

Bakewell Road 

Orton Southgate 

Peterborough, PE2 6XS  

United Kingdom 

 

VWR 

 

VWR International Ltd 

14 Media Village 

Liscombe Park 

Soulbury 

Leighton Buzzard, LU7 0GA 

United Kingdom 

 

  



   

  184 

11.3 Cell Culturing Protocols 

The following is a list of the principal cell culturing protocols used for the 

viability and differentiation experiments. 

 

1. Protocol of differentiation of mouse ES cells (46C) into neural lineages 

Day 1 Encapsulation of 46C into alginate beads and placing in mES media: 

KO-DMEM, 15% ES-FCS, NEAA, glutamine, LIF (1000), βME, 

pen/strep 

Day 2 RHB-A (Stem Cell Science), pen/strep 

Day 7 DMEM/F12, glutamine, ITS (Sigma) 1%, trans-Retinoic Acid (Merk) 

0.5uM, pen/strep 

Day 14 RHB-A (Stem Cell Science), pen/strep 

Day 20 DMEM/F12, glutamine, N2 (1%), laminin (1ug/ml), ascorbic acid 

(200uM), pen/strep 

Media was refreshed once between changes 

Day 26 Fixing in 2% PFA, permeabilizing and staining with anti �3-tubilin 

primary and AF488 secondary antibodies 

 

2. Protocol of differentiation of human ES cells (Shef1) into neural lineages 

Day 1 Encapsulation of Shef1 cells into alginate beads and placing in hES 

media: KO-DMEM, 20% KSR, NEAA, glutamine, FGF2 4ng/ml, βME, 

pen/strep 

Day 3 DMEM/F12, 1% BSA, glutamine, N2 (1x), hrNoggin (200ng/ml), 
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pen/strep 

Day7  DMEM/F12, 1% ITS, B27 (1x), bFGF 20ng/ml, hDKK (50ng/ml), 

pen/strep 

Day 14 DMEM/F12, 1% ITS, B27 (1x), bFGF 20ng/ml, hDKK (50ng/ml), 

pen/strep. 

Day 21 DMEM/F12, glutamine, N2 (1%), laminin (1ug/ml), ascorbic acid 

(200uM), pen/strep. Media was refreshed once between changes. 

Day 26 Fixing in 2% PFA, permeabilizing and staining with anti β3-tubilin 

primary and AF488 secondary antibodies 

 

3. Protocol of differentiation of mouse ES cells (46C) into macrophage/monocyte 

lineage 

Day 1 Encapsulation of 46C into alginate beads and placing in mES media: 

KO-DMEM, 15% ES-FCS, NEAA, glutamine, LIF (1000), βME, 

pen/strep 

Da y 5 Stemline II Stem Cell Expansion medium (Sigma), glutamine, 

pen/strep, mSCF 20ng/ml 

Day 7, 9, 

12 

Stemline II, glutamine, pen/strep, mSCF 20ng/ml, mTPO  20ng/ml, 

hTGFb 5ug/ml, hBMP2 5ng/ml 

 Stemline II, glutamine, pen/strep, mIL-3 30ng/ml, mIL-6 20ug/ml, 

mTPO 40ug/ml 

 

Day 14 Alginate beads were dissolved and pHrodo fluorescent bioparticles 

assay  (Invitrogen) was carried out to detect phagocytes.   
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4. Protocol of differentiation of human ES cells (Shef 1) into 

megakaryocytes/platelets 

Day 1 Encapsulation of Shef1 cells into alginate beads and placing in hES 

media: KO-DMEM, 20% KSR, NEAA, glutamine, FGF2 4ng/ml, βME, 

pen/strep 

Day 2 Plasticell Megakaryocyte differentiation media MK1 

Day 4 Plasticell Megakaryocyte differentiation media MK2 

Day 6 Plasticell Megakaryocyte differentiation media MK3 

Day 8, 

10, 12 

Plasticell Megakaryocyte differentiation media MK4 

 

Day 15 Alginate beads were dissolved and cells were co-stained with cd45-

PE and cd41a-APC antibodies (both from BD Bioscience) and 

analysed by FACS 
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11.4 Calculations for MSC Experiment 

Experimental setup: 15 conditions each week for 3 weeks 

Complexity of the experiment 15� = 3375 pathways 

Microcarriers per pathway = 30, thus 30 × 3375 = 101250 microcarriers  

 

Probability of missing a single given pathway 

 �� = �1 − �
���������

��������
= 9.24 × 10��# 

 

Probability of exploring all pathways  

�� = $1 − ��%�������� = 0.999999999686 

 

Probability of missing any pathway 

 ��� = 1 − �� = 3.14 × 10��( 
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11.6 MSC Culture Conditions 

Basal Medium 

 

 

 

The following are the chemicals added to the basal medium for one week each 

for the cultures pictured in Figure 26. 

 

DMEM (with Glutamax)

ITS 1%

Peninicillin Steptomycin 1%

Sodium Pyruvate 1%

Ascorbic Acid x1000

Proline x1000

Dexamathasone x10K

Trolox x10K Bay K8644-4MG x10K

Bay K8644-4MG x10K VEGF Inducer x10,000K

Trichostatoin A x100K Lithium Chloride x10K

Bay K8644-4MG x10K Bay K8644-4MG x10K

1α,25-Dihydroxyvitamin D3 x10K Progestone x100K

Trichostatoin A x100K Trichostatoin A x100K

Panel A Panel B

Panel C Panel D 
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11.7 MSC Matrix for Alginate CombiCult 

Condition A B C D E F G H I J MSC 

                        

DMEM/F12 x x x x   x x x x x Basal 

Alpha MEM 
        x           

+ SFM 
Kit 

                        

KSR (10%) x x x x x x x x x x   

Vitamin D3 (x 10K) x x x x x x x x x x   

                        

Dexamethasone (0.1uM)        (x 1000K) x x x x x   x x x x   

Ascorbic Acid 2-Phosphate  (50 uM) (x 1000) x x x x x x x x x x   

Glycerol 2- Phosphate (10mM)       (x 100) x x x x x x x   x     

Na Pyruvate (1mM)       (x 100)             x     x   

                        

TGF- b3 (10ng/ml)           (x 1000)             x         

noggin (20ng/ml)             (x 1000)   x x x               

BMP-2 (100 ng/ml)         (x 1000)     x x               

TNF-a (1ng/ml)                 (x 10K) x       x             

TGF- b1 (10ng/ml)            (x 10K)               x       

IL1-beta (1ng/ml)               (x 10K) x       x             

IFN-g (6 ng/ml)                  (x 10K)       x         x     

IL-17  (2 ng/ml)                   (x 5K)       x               

PDGF-BB (1ng/ml)        (x 50K) x       x             

Osteopontin-1 (OP-1, 50ng/ml)       (x 2000) x x           x x     

FGF2 (10ng/ml)           (x 10K)                 x     

                        

Purmorphamine (2uM), x5k                   x   

Wnt agonist (0.5uM), x40k           x           

TWS119 (GSK3b inhibitor) (0.6uM), x10k           x           

RAR beta antagonist LE135 (1uM), x100k                   x   

                        

L-Glu / Pen / Strep 1% x x x x x x x x x x x 

 


