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Sammanfattning 
Abstract 

Today, most traditional method used in the research of immune cells, such as flow cytometry and microscopy, are based on average values of cell 

responses. However, immune cells are heterogeneous and respond differently to a given stimuli. There is also a risk that important, but rare, 
behaviors of individual cells are missed when a larger population of immune cells is analyzed. Also, flow cytometry and microscopy do not allow 

long-term survival of cells; these methods lack the ability to do dynamic long-term analysis of motile immune cells, i.e. studies of cell-cell 

interactions, morphology and proliferation. 
 

In a patient who is affected by cancer, the cell heterogeneity contributes to the ability to battle various types of cancer or virus infections. In an 

outbreak, immune cells recognize and kill tumor cells. However, the number of specific immune cells is sometimes too few to kill all the tumor cells 
in a successful way. One way to help these patients is to isolate, select out and cultivate the active immune cells with capacity to kill tumor cells. 

 

The Cell Physic Laboratory (a part of the department of Applied Physics) at the Royal Institute of Technology (KTH) has developed a method for 
single-cell analysis where the immune cells are trapped in microwells in a silicon chip. The immune cells are then studied by using fluorescence 

microscopy in an inverted setup. The method enables high-throughput experiments due to the parallelization. Furthermore, since the immune cells 
survive long periods in the chip, the cells can be analyzed over several days up to weeks. The research group has also developed a semi-automatic 

‘cell-picker’. The cell-picker will be used in combination with the developed method for single-cell analysis, which enables picking of cells of 

interest.  

In this report, experiments for the characterization and evaluation of the biocompatibility of two generations of the cell-picker will be presented. The 

experiments include development of a protocol for the cell-picking process, studies of the survival time of transferred cells for both generation of 

the cell-picker and studies of surface coating in the chip in order to increase the biocompatibility. The preliminary results indicate that the cell-
picker has potential to be used as a selection tool for immune cells of interest. 
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Abstract 
Today, most traditional method used in the research of immune cells, such as flow cytometry and 

microscopy, are based on average values of cell responses. However, immune cells are 

heterogeneous and respond differently to a given stimuli. There is also a risk that important, but 

rare, behaviors of individual cells are missed when a larger population of immune cells is 

analyzed. Also, flow cytometry and microscopy do not allow long-term survival of cells; these 

methods lack the ability to do dynamic long-term analysis of motile immune cells, i.e. studies of 

cell-cell interactions, morphology and proliferation. 

 

In a patient who is affected by cancer, the cell heterogeneity contributes to the ability to battle 

various types of cancer or virus infections. In an outbreak, immune cells recognize and kill tumor 

cells. However, the number of specific immune cells is sometimes too few to kill all the tumor 

cells in a successful way. One way to help these patients is to isolate, select out and cultivate the 

active immune cells with capacity to kill tumor cells. 

 

The Cell Physic Laboratory (a part of the department of Applied Physics) at the Royal Institute 

of Technology (KTH) has developed a method for single-cell analysis where the immune cells 

are trapped in microwells in a silicon chip. The immune cells are then studied by using 

fluorescence microscopy in an inverted setup. The method enables high-throughput experiments 

due to the parallelization. Furthermore, since the immune cells survive long periods in the chip, 

the cells can be analyzed over several days up to weeks. The research group has also developed a 

semi-automatic ‘cell-picker’, which allows the aspiration of cells from different wells. The cell-

picker will be used in combination with the microchip for single-cell analysis in order to study 

and select cells of interest.  

 

In this report, experiments for the characterization and evaluation of the biocompatibility of two 

generations of the cell-picker will be presented. The experiments include development of a 

protocol for the cell-picking process, studies of the survival time of transferred cells for both 

generation of the cell-picker and studies of surface coating in the chip in order to increase the 

biocompatibility. The preliminary results indicate that the cell-picker has potential to be used as 

a selection tool for immune cells of interest. 
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Sammanfattning 
Idag är de flesta traditionella metoderna som används vid för att studera immunceller, som 

exempelvis flödescytometri och mikroskopering, baserade på medelvärden av cellresponsen. 

Dock så är immunceller heterogena och reagerar olika på ett visst stimuli. Det finns även en risk 

att viktiga, men ovanliga, beteenden hos enskilda celler missas när en större population med 

immunceller analyseras. Varken flödescytometri eller mikroskopering kan användas för studier 

av celler under längre tidsperioder; båda metoderna saknar förmågan att på ett dynamiskt sätt 

analysera exempelvis cell-cell interaktioner, morfologi och proliferation av motila immunceller 

under en längre tidsperioder. 

 

Hos en patient som är drabbad av cancer bidrar cellheterogeniteten till att det finns immunceller 

med förmåga att kämpa mot olika typer av cancer och virusinfektioner. Vid ett utbrott så känner 

immuncellerna igen och dödar tumörcellerna. Dock så är antalet specifika immunceller i regel 

för få för att lyckas döda alla tumörcellerna. Ett sätt att hjälpa dessa patienter skulle vara att 

isolera, detektera, selektera ut och odla upp de aktiva immuncellerna med förmågan att döda 

tumörcellerna.  

 

Cellens fysik laboratoriet (en del av avdelningen tillämpad fysik) på Kungliga Tekniska 

Högskolan (KTH) har utvecklat en metod för singelcellanalys där celler fångas i mikrobrunnar 

på ett kiselchip. Cellerna studeras sedan med hjälp av ett inverterat fluorescensmikroskop. Denna 

metod möjliggör analyser med hög kapacitet då det finns utrymme för parallella analyser. 

Dessutom överlever immuncellerna länge i chippet och kan studeras upp till flera veckor. 

Forskargruppen har även utvecklat en delvis automatiserad ”cell-plockare” vilken möjliggör 

uppsugning av celler från brunnar. Cell-plockaren kan användas i kombination med 

mikrochippet för att studera och selektera ut intressanta celler.  

 

I denna rapport kommer experiment för att karaktärisera och utvärdera biokompatibiliteten av 

två generationer av cell-plockaren att presenteras. Experimenten inkluderar framtagandet av ett 

protokoll för cell-plockningsprocessen, studier av hur länge förflyttade celler överlever för båda 

generationerna av cell-plockaren samt studier av ytmodifieringar för att öka biokompatibiliteten i 

chippen. De preliminära resultaten visar att cell-plockaren har potential till att kunna användas 

som ett selektionsverktyg av intressanta immunceller. 
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1 Introduction 

This chapter opens with a presentation of the background, and the major aims to this project. 

Next, current knowledge and challenges in the field of this master thesis project context will be 

discussed including a brief description of important cell types in the immune system, fluorescent 

microscopy, labeling and surface coating. In the next section, an introduction to why single-cell 

analysis is important and problems with traditional methods for single-cell analysis will be 

described. Finally, an overview of microwell devices suitable for single-cell analysis will be 

presented followed by a description of the cell-picker setups being used in this project. 

1.1 Background 

The Cell Physics Lab at the Royal institute of Technology (KTH) performs research on T cells 

and Natural Killer (NK) cells and has developed a microarray platform where individual cells 

and cell-cell interactions can be observed in wells in a microchip.  

 

In a patient who is affected by cancer, the cell heterogeneity contributes to the ability to battle 

various types of cancer or virus infections. In an outbreak, immune cells recognize and kill tumor 

cells. However, these specific immune cells are too few to kill all tumor cells. 

 

The future goal with this project is to treat cancer through the following sketched procedure: 

 Isolate immune cells and tumor cells from a patient with cancer 

 Detect which immune cells that have the ability to kill the patient’s tumor cells 

 Pick out the tumor specific immune cells from the rest of the cells 

 Clone the specific immune cells by cultivating the cells until they reach a sufficient number 

 Reintroduce the clones in the patient by cell therapy 

 

Isolated immune cells will be seeded in a chip and isolated tumor cells will be used as target 

cells. Thereafter immune cells identified through their killing capability of target cells should be 

aspirated and then be cultivated until the cells are sufficient in number to defeat tumor cells. In 

process to identify these effector cells, a killing assay is carried out. This is not covered in this 

work. Once, that number is reached the immune cells will be reintroduced into the patient by cell 

therapy. A requirement is that the cells should survive at least 7-9 days in the chip. Quite a bit 

more work is required in order to reach this future goal, but this report describes a small but very 

important part of the process successfully.  

 

In order to aspirate the immune cells of interest from a well, a so-called semi-automatic cell-

picker will be used (see section 2.6 for a description). In this report, experiments for the 

characterization and evaluating of the biocompatibility of the cell-picker, is presented. 
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1.2 Motivation 

 In this project, the focus was to sample cells by capturing and moving the cells of interest from 

the target wells and eject them in another well on a chip.  

 

The major aims of the project were to investigate:  

 The technology idea: Develop a protocol for the cell-picking process in order to investigate 

whether it is possible to transfer cells between microwells and if cells survive the pick-and-

place process. Selectable cell-picking parameters, such as; infusion time, withdrawing time 

and flow rates was optimized for the collection of samples. 

 Biocompatibility: Investigate the biocompatibility both in the flow system and in the chips 

in terms of cell morphology, proliferation and viability. 

 Improvement: Improve the cell-picker by testing two different dimensions of the nozzle and 

two different tube systems. The nozzle consists of a part of a GELoader tip. The initial 

generation had a 40 mm long nozzle and the second generation had a 5 mm long nozzle. The 

existing tube system was modified in order to reduce dead volumes and delays in the flow 

system. 

1.3 The immune system 

Immunology is a relatively new science, it all started when Edward Jenner discovered that the 

relatively mild disease of cowpox appeared to provide protection against the often deadly disease 

of smallpox in the late 18
th

 century. He called the process vaccination, and still today this is the 

term to describe the inoculation of healthy persons with weakened strains of disease-causing 

agents to offer protection from diseases. Jenner’s discovery was closely followed by other 

scientifically important discoveries which can be summarized as the information available about 

the immune system today.  

 

When a pathogen tries to enter the body, the first line of defenses the microbe will meet is 

physical and chemical barriers. Examples of components in those barriers are the skin, mucosal 

and acid in the gut. It is only when e.g. an infection defeats these barriers that the immune 

system starts to function. The immune system consists of specialized effectors cells acting 

together to protect the body from infections. The major threats are external threats, such as 

bacteria, viruses and parasites. However, the immune system can also act against endogenous 

cells, e.g. tumor cells [1]. 

 

1.3.1 T cells 

T cells, or T lymphocytes, belong to the adaptive immune system and are responsible for the 

cell-mediated immune response. They develop in the bone marrow and travel to the thymus for 

functional selection and differentiation into several different T cell subsets such as CD4 and CD8 

alpha/beta T cells, gamma/delta T cells, NKT cells and regulatory T cells that all play unique 

functions in the immune system. 

 

The cells of the adaptive immunity have the capacity to distinguish between the body's own cells 

expressing "self" antigens and unwanted invader expressing "non-self" antigens. However, T 

cells can only recognize foreign antigens that has been processed and presented as a peptide 

bound to “self” major histocompatibility complex (MHC) molecules. Every cell in our body 

displays the same set of self MHC molecules. [1]. 



 

10 

 

1.3.2 B cells 

B cells or B lymphocytes belong, like T cells, to the adaptive immune system and are responsible 

for the antibody production and to develop memory B cells after activation by antigen 

interaction. The cells are developed in the bone marrow and are thereafter migrated to peripheral 

lymphoid organs, where they are activated by antigens [1]. 

 

1.3.3 Natural Killer cells  

Natural killer (NK) cells belong to the innate immune system. They are, just like T cells, 

developed in the bone marrow and are then circulating in the bloodstream. They are larger in size 

than T cells, have characteristic cytoplasmic granules, and have the ability to recognize e.g. 

virus- or cancer infected cells. NK cells are activated or inactivated when the cell receptors 

interact with surface molecules on the target cell. If activated, they induce apoptosis through 

expression of perforins (perforating the target cell membrane) and through injection of cytotoxic 

molecules (degranulation of cytolytic compounds in close proximity of the target cell) [1], which 

kills the infected cells. 
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1.4 The chip 

The chip is fabricated in silicon and glass, has a size of 22 x 22 mm and can consist of different 

numbers of wells with different dimensions, from 100 wells with the dimensions 600 x 600 x 

300 μm
3
 each up to 32 000 wells with the dimensions 50 x 50 x 300 μm

3
 each. Motile cells are 

prevented from escaping from a well thanks to the depth of the wells. In order to keep the 

medium in place over the wells, a permeable gasket can be placed on top of the chip. 

Furthermore, the device enables cell studies over time and thereby also the opportunity to 

investigate cell motion, cell proliferation and cell-cell interactions. See figure 1 for an overview 

of the microarray platform. 

 

 
Figure 1. Overview of the chip with a gasket on top. Cells are seeded in the chip and can then be studied 

with an inverted microscope. 

1.4.1 Chip fabrication 

Two standard microfabrication methods were used during the chip fabrication, deep reactive ion 

etching (DRIE) and anodic bonding.  

 

1.4.1.1 Deep reactive ion etching (DRIE) 

DRIE is performed by alternating isotropic etch steps and passivation by deposition of a 

chemically inert layer. Isotropic etching has the same etch rate in all directions, compared to 

anisotropic etching which has different rates in different crystal directions.  

 

The starting material is a standard p-type silicon wafer, around 300 µm thick, covered with a 

layer of photoresist (a photosensitive polymer solution). UV-light exposure of the wafer through 

a patterned chromium-glass mask removes the photoresist only in the exposed areas, transferring 

the pattern to the photoresist of the wafer. During the the first etching step, only the areas that 

lack photoresist will be affected, resulting in a shallow pit. During the passivation step a 

chemically inert fluorocarbon layer, C4F8, is deposit all over the structure, protecting the entire 

substrate from further chemical attack thus preventing further etching. However, during the next 

etching phase, the directional ions that bombard the substrate attack the passivation layer at all 
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horizontal surfaces (but not along the sides). Alternating these steps is repeated until a desired 

etch deep is reached.    

1.4.1.2 Anodic bonding 

Anodic bonding can be used to permanently bond the silicon wafer to glass. The substrates are 

bonded at elevated temperature (~ 400°C) by placing and clamping the substrates between two 

metal electrodes, and applying a 100-1000 V strong electrical field between the electrodes. At 

the elevated temperature, sodium ions in the glass are displaced from the bonding surface by the 

applied electrical field. Depletion of sodium ions near the glass surface makes it highly reactive 

with the silicon surface, thus forming a solid chemical bond holding the wafers together. 

1.4.2 Surface coating 

In order to increase the biocompatibility of a material, it is possible to treat the surface in 

different ways to change the surface chemistry e.g. by coating the surface with different 

polymers.  

 

In this project, three common methods were used to increase cell viability and proliferation in 

the microwells of the chip. First, some chips were modified with silicon dioxide since it has been 

reported that surfaces coated with silicon dioxide increase biocompatibility of the material [20, 

21]. Second, chips were coated with fibronectin (FN) which is a polymer included in the extra 

cellular matrix and commonly used in applications where increased biocompatibility in terms of 

e.g. cell migration or cell adhesion is desired [22-24]. Third, bovine serum albumin (BSA) was 

used since serum albumin is the most common protein in the blood stream [25] and therefore is 

present in the immune cells natural environment. BSA has earlier successfully been used to 

increase biocompatibility in particularly cell adhesion models [26-28]. 
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1.5 Fluorescence microscopy 

In this section, a briefly theory about fluorescent microscopy and labeling will be given. 

1.5.1 Theory 

Fluorescence is the emission of light as a consequence of absorption of light at a shorter 

wavelength. The time interval between the absorption and emission is usually in the range of 

nanoseconds. An excited electron can take different pathways when returning to the ground 

state; this can be summarized in a Jablonski diagram (see figure 2). The fluorescing light has 

longer wavelength than the excitation light and the difference between these wavelengths is 

called the Stoke’s shift. This phenomenon, the difference in wavelengths, is one of the reasons 

why fluorescent microscopy is the powerful tool. In fluorescence microscopy, the fluorescence 

property of the object under study can occur in two different ways; either the object is naturally 

fluorescent (autofluorescence), or it can be labeled with a fluorescing molecule. An alternative to 

modify an object with a fluorescing molecule is to stain the object of interest with a dye [2]. 

 

 
Figure 2. Jablonski diagram. Drawing is based on [3, 4]. S1 is the lowest excited singlet electronic states. 

Straight arrow corresponding to processes involving photons and wavy arrow corresponding to 

radiationless transitions. An excited molecule returning to its groundstate via singlet states results in 

fluorescence.  

1.5.2 Fluorescence labeling 

In this project, calcein green modified with acetoxymethyl (AM) ester groups has been used. 

Calcein-AM is a non-fluorescent uncharged molecule that passively diffuses over the cell 

membrane. Once inside the cell, Calcein-AM is converted to fluorescent calcein by cytosolic 

esterase leading to staining of the whole cytoplasm in living cells [5-7]. Calcein-AM has low 

cytotoxicity properties, which means that the probe does not harm cell function such as cell 

proliferation and viability [6, 8]. However, when a cell is dying, it has not an intact cell 

membrane anymore which has the consequence that the dye leaks out of the cell. Furthermore, a 

dying cell lacks active esterase which converts calcein-AM to calcein which means that no new 

dye can be formed. In addition, thanks to these features Calcein-AM is commonly used in 

several cell viability [9-13] and cytotoxicity [14-19] applications. Calcein green AM has the 

excitation wavelength of 496 nm and the emission wavelength of 520 nm [8].  
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2 Single-cell analysis 

In 1976, Spudich and Koshland established the potential of single-cell analysis when they 

investigated bacterial cells [29]. Nowadays, the insight of the single-cell analysis attracts 

increasing attention in cell biology [30]. Cell populations are inherently heterogeneous in terms 

of composition and number of various receptors on cell surfaces. This means that individual cells 

can respond differently to e.g. interactions with other cells under identical environmental 

conditions [30-36]. 

 

Since most of the methods being used today is based on bulk assays, it is easy to miss rare events 

in the cell study [37]. For example, when studying how efficient a population of NK cells kills 

target cells, it is possible to determine how many target cells that have been killed in total, but it 

is not possible to determine how many target cells each NK cell has killed. Are there NK cells 

that are more efficient than others and what distinguishes them? What is the maximum number 

of target cells an NK cell is able to kill? What happen when an NK cell becomes inactive? In 

order to answer these questions single-cell assays are required where many individual cells and 

their interactions can be observed and yield statistical relevant data. Such a single-cell assay has 

shown that NK cells can be divided into five distinct classes due to their killing behavior [38]. 

There are also many other well documented examples of cellular heterogeneity, some examples 

are concentration of an important ion, pattern of response to a given stimulus and variation in the 

expression of a particular gene [39-43]. Some general differences between bulk assays and 

single-cell assays are summarized in figure 3. 

 

In order to resolve cell population heterogeneity, it has been suggested that approximately 1 000-

10 000 individual cells need to be analyzed [30]. Therefore, high-throughput experimental 

approaches are advantageous in many biological applications. 
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Figure 3. (Image reprinted with permission from 

[37].) Two of the main differences between bulk 

assays and single-cell assays. A) Result from a 

bulk assay based on average data shows that all 

cells respond in the same way while a single-cell 

assay is able to show if there are subpopulations 

responding to different stimuli. B) Results from a 

bulk assay suggests that all cells respond at the 

same time. A single-cell assay on the other hand, 

shows that there could be a distribution of the 

timing in the cell responses. Some cells respond 

immediately while others have a delayed 

response. 
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2.1 Traditional methods for single-cell-analysis 

There are several traditional methods for single-cell analysis on the market. One of the most 

frequently used methods is flow cytometry (FC). The technique was developed in the late 1960s 

and derived from three already existing systems. These are microscopy, blood cell counting 

instruments and ink jet technology developed for computer printers. The analysis is based on cell 

counting according to e.g. the cell size or granularity. One subtype of FC is fluorescence-

activated cell sorting (FACS) which provides a method for cell sorting based on the fluorescent 

characteristics of each cell. FC and FACS have the capacity to analyze thousands of individual 

cells per minute. Flow cytometry instruments are used in many different applications, e.g. 

viability, protein expression and gene expression studies. Unfortunately, both FC and FACS just 

give a snapshot and the methods do not allow dynamic long-term analysis of individual cells [44-

46]. 

 

Microscopy is a well-known technique for dynamic single-cell analysis and was introduced in 

biological applications in the middle of the 17
th

 century [47]. The technology allows monitoring 

of processes like migration, proliferation and cell-cell interactions by imaging one cell at a time. 

The major drawback is that it could be hard to track individual cells over time since cells easily 

disappear from the field of view [48]. Therefore, some array solutions have been employed 

where cells are isolated into individual compartments. This has successfully been applied to 

different adherent cell types [49, 50] but has proven harder to implement for long-term imaging 

of motile cell types. Several capturing techniques have been developed in order to trap motile 

cells. Revzin et al. [51] and Song et al. [52] have bound specific antibodies or ligands on the 

inside of wells in order to capture the motile cells, Love et al. [53] have physically prevented the 

motile cells from escaping by capping the compartments while Yamamura et al. [54] and 

Schiffenbaur et al. [55] have used tight well dimensions to keep the motile cells in a certain 

position. All these examples have limitations regarding real long-term imaging and cell 

proliferation. 

 

Another traditional method is the patch clamp technique, which allows for studies of single, or 

multiple ion channels in the cell membrane. The method requires an electrode and a glass 

micropipette with a tip diameter which encloses a surface area containing one or a few ion 

channel molecules. The voltage of the electrode enables recording of currents from the ion 

channel [56]. This technique is however labor intensive and time consuming and not apt for 

parallelization. 

 

There are some other traditional methods for single-cell analysis. The first example is laser 

scanning cytometry (LSC), which allows imaging and quantitative analysis of individual cells in 

tissue in situ [57]. The second example is capillary electrophoresis (CE) for efficient separation 

and sensitive detection of whole cell or subcellular samples [58]. The third and last example is 

laser capture microdissection (LCM), for separation of single cells from tissue for further 

analysis, such as gene expression and protein analysis [59]. A disadvantage with all of these 

three examples is the low throughput and that the techniques are not well suited for many 

analyses. In fact, there are several applications without good tools for single-cell analysis, e.g. 

for studying cellular behavior, cell-cell interactions and encapsulated cells in microengineered 

environments [60]. 
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2.2 Miniaturized devices for single-cell analysis 

Scaling down in size for single-cell analyses is beneficial for many reasons: 

 Micrometer-sized tools for analysis should be more suitable to use than e.g. test tubes in the 

cm-range because the molecules of interest are in the nm-range. 

 Miniaturized devices enable more experiments leading to better result interpretation which is 

especially critical when just a small amount of biological samples are available. 

 Miniaturized systems consume smaller volumes of e.g. expensive reagents than systems in 

the cm-range which means that cost reduction can be obtained. 

 The analyses can go faster due to smaller distances and volumes. 

 Miniaturized systems also enable high-throughput experiments due to the possibility to 

produce compact systems leading to space for parallelization. 

 Miniaturized devices enable automation, portability and waste reduction [47]. 

 

As a result, the research and development of single-cell arrays such as microwell devices has 

increased dramatically the last few years [30]. 

 

Especially microwell devices are commonly used for single-cell analysis due to the simple 

technique regarding manufacturing and practical handling. In addition to all benefits that 

generally apply to miniaturized systems, microwell devices are very flexible as a result of the 

possibility to design the device in many different ways by varying e.g. shape of wells, 

dimensions of wells, well walls material and number of wells [49, 51, 61-64]. 

 

2.3 Material for miniaturized devices 

Silicon and glass are well known from the semi-conductor industry and also the first materials 

used to fabricate microwell devices for cell analysis [65, 66]. The first reported microwell device 

of silicon and glass was developed in the 1980s [67]. The materials are mechanically stable and 

controlled surface chemistry combined with the optical properties of glass make these materials 

appropriate for microfabrication. A disadvantage with silicon is the relatively high fabrication 

cost. However, this is often compensated for by the ruggedness which enables reuse of the chip 

[68].  

 

In order to reduce the fabricating costs, polymers combined with soft lithography can be used in 

microfabrication [69, 70]. In soft-lithography fabrication, the polymer poly-dimethylsiloxane 

(PDMS) is the most commonly used material [71]. An important advantage with the PDMS is 

that the material is biocompatible with low autofluorescence [68, 72]. A drawback is that 

untreated PDMS is highly hydrophobic [73], which has the consequence that fluid is being 

expelled from the material. There are several ways to modify the surface to enhance 

hydrophilicity, e.g. oxygen plasma treatment or fibronectin coating [74, 75]. However, it is well 

known that treated PDMS surfaces lose the hydrophilic properties rapidly over time [76, 77]. 

Furthermore, both plasma and fibronectin treated PDMS surfaces affect cell survival time 

negatively [68]. Another drawback with PDMS is the limitations in microwell dimensions since 

it could be hard to peel off deep, delicate, high aspect ratio structures from the master [68]. 
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2.4 Examples of single-cell approaches 

In this section, five different specific single-cell approaches will be briefly introduced to 

demonstrate the diversity of this field. 

 

2.4.1 Artificial insemination 

There are two common ways for artificial insemination; In vitro fertilization (IVF) and 

intracytoplasmic sperm injection (ICSI). Both methods are based on the patch clamping 

technique. Traditional IVF include stimulation of ovaries, egg retrieval and to mix recovered 

female oocytes with washed male spermatozoa in fluid under laboratory conditions [78]. It is 

important to wash the sperm to evaluate spermatozoa with good motile properties and 

morphology because the sperm has to penetrate the oocyte by itself [79]. ICSI is injection of one 

single sperm into an oocyte in laboratory environment by using micromanipulation devices, such 

as micropipettes and microinjector. The oocyte is stabilized with a holding pipette. From 

opposite side a glass micropipette, loaded with a sperm, is inserted into the middle of the oocyte 

by penetrating the oolemma, se figure 4 [78-80]. The technique was developed in 1991 and the 

first successful human ICSI-pregnancy was realized in United States in 1992 [80]. ICSI has also 

been reported as a safe and effective method. Further on, the method is a good help for couples 

with fertility problems. A drawback with patch clamping is that the method requires manual 

micro scale manipulation and therefore is relatively time consuming. 

 

 
Figure 4. Schematic overview of intracytoplasmic sperm injection (ICSI). The needle, loaded with one 

sperm, is inserted into the centre of the oocyte. Backpressure is exerted until the oolemma breaks and the 

sperm is released into the cytoplasm of the oocyte.  
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2.4.2 Cell clinic 

Jager et al. [82] have developed the cell clinic, a micromachined cavity which is closable with a 

lid. The lid is activated by two polypyrrole (conductive polymers) hinges. Inside the cell clinic, 

two gold electrodes are placed, permitting impedance studies on single cells. The electrodes 

could be replaced with other sensors if desirable. The impedance studies make it possible to 

identify intracellular events, such as aggregating of pigment granules inside a cell by stimulating 

the cell with e.g. chemotoxins or hormones. The electric data from the impedance measurements 

can also be correlated to optical microscopy because the clinic is fabricated with transparent 

materials in order to enable microscopy. Currently the cell is manually seeded in the cavity but it 

seems to be possible to use an automatic microrobot to seed the cell in the future. Furthermore, 

the device may be used as smart pillars in the future, enable drug release on demand if the 

electrodes are placed on the lid instead for inside the device. See figure 5 for an overview of the 

device. The cell clinic system, if multiplexed with hundreds of chambers, will, however, be quite 

complex due to its lid functionality. 

 

 

 

 

 

Figure 5. (Image used with 

permission from [82]). Schematic 

overview of the cell-clinic. The device 

includes a cavity (white), a lid (light 

grey) and hinges (dark grey). 

Electrodes are placed on the bottom of 

the cavity to allow impedance 

measurements. 

 

2.4.3 Single-cell microarray device for analyzing antigen-specific B lymphocytes 

Yamamura et al. [54] have developed a microarray chip in order to analyze antibody DNA 

analysis in B-lymphocytes. The research team has used lymphocytes from both mouse spleen 

and human blood for the analyses. The B-lymphocytes are seeded in the chip and thereafter 

stimulated with antigen. A fluorescence calcium indicator enables detection of activated antigen-

specific B-lymphocytes by scanning the chip. By using a manual micromanipulator and a 

microscope it is then possible to select and pick up the target B-lymphocyte from the chip. The 

DNA from each cell is then sequenced by using RT-PCR amplification. Se figure 6 for an 

overview of the process. The method may be used in order to develop antigen-specific 

monoclonal antibodies as antibody medicines in the future.  

 

Drawbacks with this method regard the material of the chip, the microchamber dimensions and 

the material of the manually operated micromanipulator. The microchamber array is fabricated in 

polystyrene [54] which is hydrophobic, thus hydrophilic surface coating is needed. As have been 

discussed in section 2.3, there is a risk that treated surfaces lose the hydrophilic properties over 

time. The microchambers are relatively shallow, 12 µm in depth [54]. This prevents long term 

studies of motile cells since there is a risk that the cells can escape from the microchambers. The 

micromanipulator consists of a glass capillary which is a brittle material and easily broken when 

entering a microchamber for transfer of cells. 
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Figure 6. (Image used with permission from [54]). An overview of the analyze method, including 

seeding cells on the chip, stimulation with antigen, detection of antigen specific single B-cells, retrieval of 

target single B-cell and clonal expansion.  
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2.4.4 Method for automatic sorting of single cells 

Grover et al. [83] have developed an automatic single-cell sorting system based on the principal 

of optical tweezers (see figure 7). The system consists of a counterpropagating dual-beam device 

in order to enable cell manipulation in three dimensions and an image-processing system 

allowing identification of single cells. The research team has used human blood, containing three 

cell types; erythrocytes (red blood cells), leukocytes (white blood cells) and platelets as a model 

system in the experiments. In this case the erythrocytes were sorted based on size but it is also 

possible to sort cells based on e.g. morphology properties. The system has potential to be used in 

the biosensor field. It may be used to detect the drug effects at a cellular level in the future. A 

drawback with methods based on optical trapping is that it is complicated to integrate with 

microwell arrays. It might be difficult to focus the beam on the right spot in order to pick up a 

cell from a well. The laser tweezers require quite some power, in order to achieve sufficient 

forces for moving cells, with raised temperature problems. 

 

 
Figure 7. (Image used with permission from [83]) Overview of the setup for the optical dual-beam trap. 

2.4.5 High-quality, parallel single-cell data 

Di Carlo et al. [84] have developed a microfluidic method based on parallelization of cell-

trapping in large arrays in order to obtain high-density single-cell isolation. The trapping is based 

on flow-through arrayed suspended obstacles. The obstacles are made of PDMS and let a part of 

the fluid flow through the traps. When an obstacle is occupied by a cell, the fluid streams change 

behavior, due to self-sealing function of the obstacles. See figure 8 for a schematic overview of 

the cell trapping procedure. The purpose with this method is to analyze novel single-cell enzyme 

properties of different cell lines, e.g. enzyme content and enzyme profiling in cells by using 

fluorescent dyes. The intention is to make this method available for biologists not specialized in 

using microfluidic devices. In fact, the method has already successfully been used in small scale 

by persons with no experience in operating microfluidic devices after minimal training. The 

method had also been developed to allow two or more cells being trapped in the same obstacles 

by varying the size of the obstacles. This setup also allows cell fusion (see figure 9) [84, 85]. A 

drawback with flow through array methods is related to flow-induced forces and their biological 

effects on cells, such as shear stress. Single-cell isolation is in practice impossible, as the flow-

through system is closed to the ambient. 
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Figure 8. (Image used with permission from [86]). Schematic overview of the Pachinko-machine-

inspired cell trapping array developed for single-cell studies. 

 

 
Figure 9. (Image used with permission from [86]). To left, phase contrast images of cell trapping in 

varying geometry cell isolation traps. To right, the cell fusion setup. 
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2.5 Automatic systems for cell-picking 

There are some commercial automatic instruments on the market today which are specialized in 

cell- or cell colonies manipulation. In this section a short overview will be given of how three 

instruments are implemented in cell manipulation systems. Properties that these systems have in 

common are that they are used with relatively shallow wells and where cells are analyzed for a 

relatively short period of time. They are also relatively costly. 

 

2.5.1 Cellporter mini, Sugino machine Co. Ltd. 

Suzuki et al. [87, 88] have co-developed an automatic single cell collection instrument that can 

be equipped with a commercial inverted microscope (see figure 10). By pushing a controller 

button, which controls nozzle position and nozzle pressure, it is possible to aspirate a volume 

containing a cell and culture medium from a target well into the nozzle. This volume is then 

released into a micro test tube. The nozzle is made of ceramic and is 15 μm in inner diameter and 

35 μm in outer diameter. 

 

The research group has developed a detection and collection system for single cells based on 

respiration activity by combining a micro arrayed oxygen sensor and the cell collection system. 

The micro arrayed oxygen sensor consists of a glass substrate, an oxygen sensor film with a 

fluorescence probe layer and a microwell array sheet (see figure 11). The microwell array sheet 

is made of PDMS doped with carbon black. The physical dimensions of each microwell are 10-

15 μm in depth and 10 μm in diameter. 

 

 
Figure 10. (Image used with permission from [87]). Single cell collection instrument on a commercial 

inverted microscope. (a) Overall view. (b) Enlarged view of the single cell collection unit. 1: single cell 

collection unit, 2: stage, 3: fluorescence inverted microscope, 4: cooled CCD camera, 5: controller for cell 

collection unit, 6: ceramic nozzle, 7: rotating tube stand for cell collection, 8: microwell arrayed oxygen 

sensor. 
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Figure 11. (Image used with permission from [87]). Overview of the fluorescence-based micro arrayed 

oxygen sensor.  

 

The single cell collection instrument is able to pick a cell from a target well owing to the 

increased fluorescence intensity in the well due to decrease of oxygen concentration in the 

microwell. It is also possible to detect differences in cell activity (e.g. ratio of viable and dead 

cells) by using the difference in fluorescence intensity. The research group found out 

experimentally that the collection of a single cell takes 1-2 seconds [87, 88]. 

2.5.2 Cellcelector, AVISO GmbH 

Love et al. [89-91] have developed a system for automatic retrieval of individual antibody-

producing cells from arrays of subnanoliter containers. This is realized by combining a 

commercially available instrument for cell-picking (Cellcelector) and a customized software 

module.  

 

The system consists of a robotic arm carrying a module for single-cell retrieval, an inverted 

microscope with an imaging CCD camera and an automated translation stage on which the 

microwell array is placed. The single-cell module mounted on the robotic arm consists of a glass 

capillary, a syringe and a series of connectors. See figure 12 for an overview of the cell-picking 

system. The capillary tip is 50 μm in inner diameter.  

 

The research group uses a single-cell screening method called microengraving to detect secreted 

proteins. E.g. proteins secreted from natural killer cells during interactions with target cells or 

proteins secreted from T cells responding to HIV infected cells. 

 

The microengraving includes a closed system consisting of microwell arrays, made of PDMS, 

containing cells and glass slides covered with captured antibodies. The physical dimensions of 

each cuboid microwell are 50 x 50 x 50 μm
3
. The glass slide captures secreted target proteins 

from each well and the resulting microarray of captured proteins is then probed with fluorescent 

detection antibodies and imaged. By using custom software, it is possible to facilitate and revisit 

the location of cells of interest [89].  

 

The research group claims that the system is able to sort 100 clones from a mixed population 

containing two cell lines in two hours with a 100 % success rate. The sorting is based on the 

selectivity in cells secreting different antibodies. 
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Figure 12. (Image used with permission from [89]). Overview of the function of Cellcelector. a) The 

Cellcelector with an inserted enlarged image of the glass capillary. b) Filling the capillary with medium. 

c) Cell-picking from target well; enlarged image of the capillary placed in a target well. d) Picked cells 

are dropped in a 96-wells plate filled with medium. 
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2.5.3 QPix Microbial Colony Pickers 

Stephens with co-workers [92] have developed a system which discriminates between cell 

colonies based on fluorescent activity. The picking function automatically transfers cell colonies 

from agar plate to micro plate wells. This is done by combining an existing QPix robot with 

existing imaging software. The robot has a head that is equipped with a CCD camera to image 

colonies growing on agar. Background fluorescence is reduced by a combination of growing 

colonies on nylon membrane over the agar, illumination from above and the choice of filters (see 

figure 13). The colonies are imaged and thereafter assigned a coordinate which makes them 

possible to pick up.  

 

The research group has used this automatic cell-picking system to pick E. coli colonies 

expressing green fluorescent protein (GFP) from positively charged nylon membrane laid filled 

with medium. Screening E. coli colonies for GFP expression enables detection of e.g. protein-

protein interactions, secretory mutations and exon cloning. 

 

 
Figure 13. (Image used with permission from [92]). A) The robot uses filtered excitation light and a CCD 

camera with emission filter to image fluorescent colonies. B) An image of colonies expressing different 

levels of GFP translated into a three-dimensional display of the data. 
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2.6 The cell-picker systems used in this project 

Two generations of the cell-picker were used during the project. 

2.6.1 The initial generation of the cell-picker 

The initial cell-picking setup can be seen in figure 14. This cell-picker consists of a computer-

controlled syringe pump, including a narrow bore Hamilton syringe (VWR). The syringe pump 

(SyringePump.com, USA) is controlled by software (Labview, National Instruments, Austin, 

Texas, USA) and is connected to a tube system ending in a nozzle. The flow rate can be adjusted 

in software but is partially limited by the size of the Hamilton syringe being used. 

 

The setup can be seen in figure 14: a drive lever that moves the plunger of the Hamilton syringe 

forward (infusion mode) or backward (withdrawal mode), a holder that keeps the syringe in 

place , a Hamilton syringe containing fluid which enables a flow in the tubing system, a T-valve 

enabling priming with a plastic syringe (used to fill up the tube and syringe system) but also 

enables a connection between syringe and tube system (Luer lock type), a stand (holding the 

micro manipulators and the arm), screws for mm-range precision in x and y-axis directions, three 

micrometer manipulators for fine precision below mm-range in x, y and z-directions, a 

retractable metallic arm with a hollow metallic pipe at the end keeping the nozzle in place and a 

nozzle small enough for positioning in a microwell. In addition, there is a screw for cm-range 

precision in the y-axis (not shown in the figure). 

 

The tube system consists of one rigid high performance liquid chromatography (HPLC) tube 

(PEEK tubing, Agilent Technologies, United States) coupled together with one flexible plastic 

tube (Portex tubing, Smiths Medical International Ltd., GB). The tubes have different diameters 

and are joined together with a short rubber tube (see figure 15). The HPLC tube is also attached 

to the nozzle with a short rubber tube. The nozzle consists of a part of a GELoader tip (0.5-20 μl, 

Eppendorf, VWR) cut approximately 4 cm above the thinnest end of the tip. The nozzle is a 

disposable item and is therefore replaced between runs. The different tube dimensions are listed 

in table 1. The reason why the nozzle, HPLC tube and plastic tube have different inner diameters 

is to obtain a gradual change in pressure inside the tube system with highest pressure nearest the 

opening of the system and lowest pressure in the Hamilton syringe. 

 

During the cell-picking process, it is possible to choose different settings of some parameters 

which affect the properties of the cell-picker. These parameters are: 

 Pump flow rate 

 Size of Hamilton syringe 

 Time for infusion 

 Time for withdrawing 

 Pressure stabilization times (=pauses) 

 Material/dimension of the nozzle 

 

Some of these parameters are also related to each other. Flow rate of the pump and size of the 

Hamilton syringe influence each other since the size of Hamilton syringe affects which flow rate 

of the pump that is possible to obtain. This is because the flow rate determines the volume 

pumped per unit of time while the size of the Hamilton syringe determines the maximum volume 

that can be pumped through the system during an experiment. For example, if a small Hamilton 

syringe is used together with a high flow rate of the pump, the system may run out of fluid 
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before the experiment is finished. Time for withdrawing determines for how long time the cell-

picker aspirate fluid and cells from a given well. Time for infusion determines for how long time 

the cell-picker fills a given well with fluid and cells. Material and dimensions of the nozzle have 

an impact of the flow rate and how easily the cells flow through the nozzle. For example, with a 

small inner diameter of the nozzle, a higher pressure and higher flow rate inside the nozzle is 

obtained which theoretically facilitates the picking and ejecting procedures but risks to harm the 

cells also increase. On the other hand, a large inner diameter of the nozzle results in a lower 

pressure and lower flow rate inside the nozzle which theoretically makes the picking and ejecting 

procedures slower according to the lower flow rate at the inlet. On the other hand the risk of 

harming the cells also decreases. The material properties of the nozzle also affect the flow rate 

obtained inside the nozzle and are indirectly correlated both to the time for infusion and for 

withdrawing. It is important to consider the material properties when designing the nozzle. If a 

brittle material is chosen, there is a risk that the nozzle will be broken if it comes in contact with 

the well walls. 

 

 
Figure 14. An overview of the initial setup of the cell-picking system (drawing is not to scale). 

The system consists of: 1) Drive lever 2) Holder 3) Hamilton syringe 4) Plastic syringe 5) T-

valve 6) Stand 7) screw for precision in x-axis in mm-range 8) screw for precision in y-axis in 

mm-range 9) screw for fine precision in y-axis below mm-range 10) screw for fine precision in 

z-axis below mm-range 11) metallic arm 12) nozzle. The red line shows the tube system in the 

system. Arrows indicates where the different tubes are joined together. 

Pump 
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Figure 15. Overview of the tubing system. A) The joint between HPLC tube and plastic tube. B) The 

joint between HPLC tube and nozzle. C) The head of a GELoader tip. Arrow indicates the location where 

the tip is cut before it is jointed together with the HPLC tube. D) Front view of the nozzle. Arrow 

indicates the location of the nozzle where the inner and outer diameters are measured. 

 

Table 1. Overview of the dimensions of the different components in the initial tube system. 

Component 
Inner diameter 

[mm] 

Outer diameter 

[mm] 

Length 

[mm] 

Volume  

[µl] 

T-valve 1 n/a 20 16 

Plastic tube 0.375 0.750 150 16.6 

HPLC tube 0.125 1.250 100 1.2 

2 joints 1 n/a 2 3.2 

Nozzle 0.120 0.250 40 12 

Total   310 49 
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2.6.2 The second generation of the cell-picker 

Due to problems during the cell experiments eventually related to the cell-picker, a second 

generation of the cell-picker was implemented. A major problem concerned delays caused by 

dead volumes, due to the joints between the tubes and T-valve connection with the Hamilton 

syringe. These delays made the cell-picker action unpredictable and hard to control. The second 

major problem is related to cell viability, proliferation and morphology. The cells never survived 

more than approximately 3-5 days after transfer although modifications regarding e.g. surface 

coating for increased biocompatibility in the chip were performed. Instead, a theory was that the 

cells were harmed by the pressure and velocity changes at the joints in the tube system. 

Therefore, a second generation of the cell-picker without joints, T-valve and plastic syringe was 

constructed. The number of components was reduced from seven to three, the internal volume 

reduced to a fourth of the previous, and a higher degree of sterility could be achieved through 

use of sterile nozzle and tube, both disposable. 

 

The second generation of the cell-picking setup can be seen in figure 16. The main difference 

compared with the initial setup involves the tube system. Instead of joining tubes with different 

diameters with short pieces of silicone rubber tubes, one uniform plastic tube ending in a glued 

connection to the nozzle tube is used. The new plastic tube (Tygon tubing, Saint-Gobain PPL. 

CORP., USA) has an inner diameter of 250 µm and an outer diameter of 750 µm. By removing 

the valve, joints between tubing, and plastic syringe, the dead volume was reduced in the fluidic 

system. The plastic tube is connected to a metallic needle instead of a T-vavle (see figure 17A). 

The nozzle consists of 5 or 10 mm of the thinnest end of a GELoader tip, cut in a different 

location compared with the nozzle in the initial generation (see figure 17B). Thereafter the 

nozzle is inserted a few mm and glued (Precision super glue, Loctite, Sweden) to the plastic tube 

(see figure 17C). Since the nozzle is shorter than the nozzle in the initial generation, it does not 

fit in the previous hollow guiding pipe. Instead, the nozzle is attached to the guide using a piece 

of a rubber tube. The nozzle and the plastic tube is prepared under sterile conditions, disposable, 

and replaced every time. See figure 18 for a comparison of how the nozzle is placed in the cell-

picker in the initial and second generation. The dimensions of the nozzle and tube are listed in 

table 2. 

 

Table 2. Overview of the dimensions of the different components in the new tube system. 

Component 
Inner diameter 

[mm] 

Outer diameter 

[mm] 

Length 

[mm] 

Volume  

[µl] 

Syringe needle gauge 32 0.108 0.235 15 0.14 

Plastic tube 0.250 0.750 250 1.3 

Nozzle 0.120 0.250 5 0.06 

Total   270 12.5 
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Figure 16. An overview of the second setup of the cell-picking system (drawing is not to scale). 

Green circles indicates the regions of the major changes. The system consists of: 1) Drive lever 

2) Holder 3) Hamilton syringe 4) Metallic needle 5) Stand 6) screw for precision in x-axis inmm-

range 7) screw for precision in y-axis in mm-range 8) screw for fine precision in y-axis below 

mm-range 9) screw for fine precision in z-axis below mm-range 10) metallic arm 11) piece of 

rubber tube 12) nozzle. The red line shows how the tube is routed in the system. 

 

 

 
Figure 17. Overview of the new tubing system. A) Shows the connection between metallic needle and 

plastic tube. The needle head is connected to the Hamilton syringe. B) Arrow indicates the location where 

the tip is cut before it is glued to the plastic tube. C) The nozzle glued to the plastic tube. 
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Figure 18. A) The nozzle in the initial generation of the cell-picker. Arrow shows where the nozzle is 

kept in place by the hollow pipe. B) The nozzle in the second generation of the cell-picker. Arrow shows 

where the nozzle is attached to the hollow pipe via a rubber tube. 
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3 Methods 

In this chapter, methods and procedures used during this project are described. 

3.1 Cell culturing 

The human B cell line 721.221 (here called 221) was cultured in RPMI-1640 medium (SH30027, 

Sigma) supplemented with 10% fetal bovine serum (SV30160, Thermo Scientific), 1% L-

glutamine (G7513) and 1% Penicillin-Streptomycin (P4333; Sigma Aldrich). The cells were 

incubated in 37°C and 5 % CO2. 

3.2 Staining of cells in suspension 

10
6
 cells were washed three times in RPMI-1640 medium. Calcein green AM (C34852; 

Invitrogen) was dissolved in dimethyl sulfoxide (DMSO) and was then mixed with 37°C RPMI-

1640 to a final concentration of 0.5 μM. The staining solution was then directly added to the 

pellets and incubated in 37°C for 10 minutes. Stained cells were washed three times in RPMI-

1640 medium and diluted to a desirable concentration before they were seeded on a chip. See 

Appendix A for a detailed staining protocol. 

3.3 Cell staining directly in the chip 

Calcein green AM (C34852; Invitrogen) was dissolved in dimethyl sulfoxide (DMSO) and was 

then mixed with 37°C RPMI-1640 to a final concentration of 0.5 μM. The staining solution was 

then added to the liquid above the chip and was thereafter incubated in 37°C >30 minutes. The 

chip was then rinsed by gently replacing the staining solution with fresh supplemented medium. 

3.4 Chip fabrication 

Silicon chips were fabricated with the techniques described before (see section 1.4.1). The 

structures were etched in a standard silicon wafer which is 300 µm thick and bonded to a 170 µm 

glass. The etching:passivation steps were performed in cycles of 9:5 seconds for  100 minutes in 

total, with an etch rate of 3 µm/min.   

3.5 Gasket fabrication 

The first step in the gasket fabrication was to cure one part curing agent with ten parts base 

(Sylgard 184, GA Lindberg) to a total weight of 50 g in a Petri dish with a diameter of 150 mm 

in 60ºC overnight. This results in a PDMS-layer with a thickness of approximately 2-3 mm. 

Next, the gaskets were cut out to a desired size and design by using a scalpel. 

3.6 Microscopy and imaging 

A JuLI
TM

 smart fluorescent cell analyzer (NanoENTek Inc., Korea) was used for the microscopy 

studies. When using the JuLI
TM 

instrument two different light sources can be chosen. One is a 

white/blue LED with an excitation wavelength of 488 nm yielding an emission window 

wavelength of 520 nm. The other light source is a white/green LED with an excitation 

wavelength of 530 nm and yielding an emission window wavelength of 590 nm. A CMOS 

camera with 1.3 M pixels generating images with a resolution of 1280x1024 pixels is positioned 

under the sample, with manual focus adjustment. All images were stored on a SD memory card. 

Imaging was also performed by combining an inverted microscope (Axiovert 40 CFL, Carl 

Zeiss, Germany) and a CMOS 2.0 USB camera (DFK 72BUC02, ImagingSource, Germany). In 
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the instrumental experiments a zoom Stereoscope (SZ61, Olympus, United States of America) 

was used as complement to the JuLI microscope. 

3.7 Priming of the cell-picker’s tubes, valve and syringes 

Tubes, valve and Hamilton syringe in the cell-picking system were primed in three steps. First, 

the system was sterilized by flushing 99.5 % ethanol through the system. Secondly, the system 

was rinsed with MilliQ water in order to remove ethanol residues. Thirdly, the system was 

flushed and filled up with phosphate buffered saline (PBS) in order to remove residues from 

previous fluid and air bubbles. The PBS buffer was used in the tube system during the cell 

experiments since the cells survive for some hours in the buffer. At last, a trial run of the pump 

was performed until a constant flow was obtained. 

3.8 Preparation of silicon chips for microscopy 

The preparation protocol of the silicon chips is based on the protocol described in Guldevall et al 

[68]. Used silicon chips were sonicated in MilliQ water, up-side-down, for 2x60 minutes in order 

to remove residues from old cells. Cleaning of the chips was then performed by placing the chips 

in 99.5 % ethanol overnight followed by >2 hours in MilliQ water. The chip was then self-drying 

in a fume hood. Next, a PDMS gasket was placed around the perimeter of the well area of the 

chip, the gasket was filled with RPMI-1640 medium and the chip with medium-filled gasket was 

degassed in a desiccator attached to a vacuum pump. The excess medium was then removed and 

the chip was loaded with 200 µl cell suspension containing approximately 20000-50000 cells. 

The chip was left for >1 h until the cells had sedimented under gravity. Thereafter the chip was 

rinsed with medium to remove excess cells between wells. The chip was then left in 

supplemented RPMI-1640 in a Petri Dish incubated in 37°C and 5% CO2 until time for analysis. 

3.9 Coating of silicon chips 

SiO2 coating of the chip was performed when the chip was fabricated. The wafer was wet 

oxidized with oxygen and hydrogen plasma in 1100ºC until a silicon dioxide layer with a 

thickness of approximately 200 nm was obtained. Coating with FN (derived from human plasma, 

Sigma Aldrich) and BSA (VWR International Ltd) were performed between the degassing step 

and the cell seeding step in the preparation of silicon chips for microscopy protocol (see section 

3.8). The proteins were dissolved in PBS to a desired concentration. Next the chip was loaded 

with the protein solution and left for >1 hour in room temperature. The chip was then rinsed 

three times with PBS to remove unbound protein. Two different concentrations of BSA were 

used, 1 mg/ml and 2 mg/ml respectively. When the coating step was completed, cells were 

seeded over the whole chip. 
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3.10 Image analysis 

In order to get a measure of the cell intensity in each well the software ImageJ was used. The 

software analyzes RGB images by calculating the brightness values. By using averaging (see 

formula 1), the RGB pixels are converted to brightness values. 

 

V = (G+R+B)/3  (1)  

 

V is the brightness value, G is the pixel value in the green channel, R is the pixel value in the red 

channel and B is the pixel value in the blue channel. 

 

Images from the microscope fluorescent channel were used for the intensity measurements. A 

selectable region of interest (ROI) corresponding to a well in the image was measured. The 

received mean value was used as a measure of the cell intensity in a given well. Noise was 

eliminated by subtracting each calculated value of the cell intensity with the mean value obtained 

from measurements of a corresponding empty well. 

3.11 Scanning electron microscopy 

Chips were sonicated, placed in 99.5 % ethanol followed by MilliQ water (see section 3.6). The 

chips were then dried with N2 gas before examination. 

 

Scanning electron microscopy (S-3400N & EDS QUANTAX 200, Hitachi, Ltd., Japan) was 

used to characterize the microchips after the fabrication. Voltage of 5000 volts, a working 

distance of 6.7-24.7 mm and a magnification of 37-200 was used. 
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4 Results and discussion 

In this section, results from system characterization, cell experiments, data analysis and 

simulations will be presented and discussed. 

4.1 System characterization 

Initially and in parallel with the first cell experiments the initial cell picker system was 

characterized in order to evaluate some technical properties of the system. The aim was to 

develop a protocol for the cell experiments. Focus was on: 

 

 Testing how long it takes to fill wells with liquid  

 Testing how long it takes to empty wells of cells 

 Evaluate if some specific flow rate of the pump is preferred with respect to previous items 

and how easily the timeframes can be handled in practice 

4.1.1 Test: Filling wells 

The purpose was to evaluate how long it takes to fill wells with different flow rates of the pump 

in order to optimize the flow rate for the cell experiments. Flow rates of the pump where the 

wells fill up too fast lead to practical problems, such as having enough time to stop the pump 

(press stop button), and at the same time the well should not be flooded with liquid. On the other 

hand, a too slow flow rate of the pump resulting in slow well filling is neither preferred due to 

the time aspect. 

 

The dimensions of each well were 450 x 450 x 300 µm
3
, which equivalent to a volume of 

approximately 60 nl for each well. The flow rates being tested were 1, 1.5 and 2 µl/min and 

6 wells were filled in total for each flow rate (N=6). The liquid used in the experiments was 

calcein diluted in deionized water. A Hamilton syringe of 100 µl was used in the pump for all 

flow rates. The time was measured using a timer and was taken from the moment when a well 

began to be filled with liquid until the well was full with liquid. A zoom stereo microscope was 

used to assist the observation of the filling process. The results can be seen in table 3. See 

Appendix B for the raw data. 

 

Table 3. Time required to fill a well in seconds for different flow rates. The mean value, standard 

deviation and the theoretical value of each flow rate are also presented. N=6. 

Flow 

rate 

[µl/min] 

Mean 

value 

[s] 

St. 

dev. 

[s] 

Theoretical 

value [s] 

1 4.8 ± 0.75 3.7 

1.5 3.3 ± 1.03 2.4 

2 2.7 ± 2.67 1.8 

 

The theoretical values for how long it should take to fill a well of 60 nl are obtained from the 

equation:  

 

t = v0 / v  (2) 

 

where t is the time [min], v0 is the volume of a well [µl] and v is the flow rate set in the pump 

[µl/min]. The time was converted from minutes to seconds by using a factor of 60. 
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The experiment showed that in average, it takes around 1 second longer to fill a well in practice 

compared with the theoretical value for all flow rates. The difference is probably related to the 

flow resistance of the tubing system, the dead volumes in combination with flexible tubing. A 

calibration of the syringe pump should also be performed. It was quite hard to handle the short 

time periods within the range of 2-4 seconds, which the flow rate of 2 µl/min gave rise to in 

practice. This practical problem is also shown as a relatively big value of the standard deviation 

for the flow rate 2 µl/min (see table 3). The results from the experiment with the flow rate 2 

µl/min are uncertain and more data is necessary for better result interpretation. Therefore, based 

on both the practical time period it takes to fill a well and the practical handle issue, a flow rate 

of the pump of 1.5 µl/min or lower will be recommended. The recommended time will be 

approximately 2 seconds or more which is based on the shortest time period obtained for 1.5 

µl/min during the experiment. Since PBS buffer and cell medium used during the cell 

experiments have a slightly higher viscosity than deionized water, the necessary time period to 

fill a well with cells will probably be slightly longer than 2 seconds. 

4.1.2 Test: Emptying wells 

The purpose was to investigate: 

 

 How long it takes to emptying wells containing a known number of cells  

 Whether it is possible to collect all cells in a well  

 If the collection occurs within a reasonable time range  

 

A similar chip as the previously used, containing 60 nl wells was used. Cells stained with 

calcein-AM were seeded on the chip with a gasket on top. The chip was then incubated for 

approximately 24 hours before the experiment started with plenty of RPMI medium in the 

gasket. When the experiment started, the gasket and excess medium was gently removed. The 

tube system of the cell-picker was filled with PBS. A flow rate of 1.5 µl/min and Hamilton 

syringe of 100 µl was used. The result can be seen in figure 19. 

 

Figure 19. Mean 

values and standard 

deviations for time to 

empty a well containing 

10, 20, 30 and 50 cells. 
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The experiment shows that there is no significant difference in how long it takes to empty wells 

containing different number of cells. Based on figure 19, the recommend time period for 

emptying a well will be in the range of 5-23 seconds depending on how many cells a well 

contains.  

 

The time periods that were obtained in this experiment differ a lot from the time periods in the 

previous experiment (see section 4.1.1). It appears that the pump more easily fills a well with 

liquid than empties a well of cells. However, different fluids have been used in the two 

experiments. The difference in viscosity between deionized water diluted with calcein and PBS 

buffer might affect the system which makes it difficult to compare the results from the 

experiments. Also the fluidic system might not act symmetrical in increased pressure conditions 

(infusion or filling) versus decreasing pressure conditions (suction or withdrawal). 

4.1.3 Summary of the characterization 

A summary of recommended settings of the cell-picker system evaluated from the instrumental 

experiments is shown in table 4. 

 
Table 4. Recommended settings of the cell-picker system for the cell experiments using a 100 µl 

Hamilton syringe. 

Parameter Recommended setting 

Pump flow rate <2 µl/min 

Time to fill a well >2 seconds 

Time to empty a well 5-23 seconds 

 

4.2 Cell experiments 

In the cell experiments, the ability of picking and ejecting cells in different wells with the cell-

picker was investigated. The proliferation, viability and morphology of transferred cells were 

also evaluated. In the initial experiments, it was found that the flow system was affected by 

delays when the pump was switched between infusion and withdrawal mode. Therefore, it was 

difficult to estimate how long it takes to empty and fill wells with cells when the delays had to be 

included in the calculations. In the first three experiments focus was on how many cells that were 

picked up during a given time. However, in the last experiments, focus was on how long time it 

takes to pick up a sufficient number of cells from the seeding side of the chip to be sure that 

some cells will be ejected in the culturing side of the chip. 
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A summary of the cell experiments can be found in table 5. 

 
Table 5. All cell experiments including which generation of the cell-picker that has been used, main 

question and answer of the question. 

Experiment Cell-picker setup Question Answer 

1 Initial Is it possible to pick up cells from a well? Yes 

2 Initial Is it possible to eject cells in a well? Yes 

3 Initial Do transferred cells survive for 24 hours? Yes 

4 Initial Do transferred cells survive for 7 days? No 

5 Initial 
Is the biocompatibility of the chip 

improved by surface coating? 
Yes 

6 Initial 
Do transferred cells survive for 7 days in 

coated wells? 
No 

7 Second 
Do transferred cells survive for 9 days in 

coated wells? 
Yes 

 

4.2.1 Morphology and behavior of 221-cells in cell suspension 

During the proliferation, viability and morphology studies in the cell experiments, 221-cells in 

cell suspension were used as reference (see figure 20). By using a microscope it was observed 

that 221-cells in suspension start to form clusters within a few days (see figure 20A). It was also 

noted that the 221-cells are relatively round and outspread in shape (see figure 20B). 

 

 
Figure 20. 221-cells in suspension. A) Arrows show examples of cell cluster in the suspension B) Arrows 

show some examples of healthy 221-cells with a relatively round shape in suspension. 
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4.2.2 Experiment 1: Test if it is possible to pick up cells from a well 

The fundamental property to be tested experimentally, prior to any other experiments could be 

designed, was to investigate if the cell-picker had the ability to pick up cells from a microwell of 

a silicon chip and eject them somewhere else in a controlled manner.  

It was therefore in the initial experiment investigated whether the cell-picker could transfer cells 

from a well of the silicon chip to a well on another chip. The experiment was performed by 

seeding 221-cells in a silicon chip with 10x10 wells and the well dimension 450x450x300 µm
3
. 

Next step was to compare how many cells there were in a well before and after the cell-picker 

had picked up cells from a given well. Thereafter, the cell-picker ejected the picked cells in an 

empty well. The procedure was then repeated 8 times. The gasket was filled with fresh 

supplemented RPMI medium before the experiment started. The experimental settings can be 

found in table 6. 

 

Table 6. Four different selectable parameters are listed that affect the properties of the pump. See section 

2.6 for more details of how the different properties are related to each other. 

Parameter Setting 

Flow rate 2 µl/minute 

Hamilton syringe 100 µl 

Time for infusion  20 seconds 

Time for withdrawing 10 seconds 

 

It was found that the cell-picker has the ability to pick up cells from a microwell as the number 

of cells in a given well was fewer in the end of the experiment in each case. However, it was 

really hard to find any cells in the other chip where the cells were ejected. The result indicates 

that both the time for infusion and for withdrawing needs to be longer than in this experiment. 

4.2.3 Experiment 2:  Test if it is possible to eject cells in another well on the chip 

In the next experiment, the focus was on whether it was possible for the cell-picker to eject cells 

in other wells on the chip. In order to facilitate studies after the cell-picking process, the 221-

cells were stained with calcein-AM before the investigation. Furthermore, the gasket was 

modified in order to create two different regions on the chip without any connection in between. 

One of the regions is intended to seed cells. The other region is intended for culturing cells that 

have been transferred from the seeding region of the chip with the cell-picker (see figure 21). See 

figure 22 for a comparison between the two types of gasket. 
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Figure 21. Overview of the modified gasket. Image is not to scale. A) From above, the gasket has two 

hollow regions, one for seeding cells and one for culturing transferred cells. B) Cross section view of the 

chip with the modified gasket on top. 
 

Figure 22. The difference between the two types of gasket. A) The initial type of gasket with one big 

hollow region (see the arrow). B) The modified gasket with two hollow regions (see the arrows). 

 

The experiment was performed by seeding stained 221-cells in the seeding part of the chip. Next, 

the number of cells in each well was counted. Thereafter wells in the seeding-area were emptied 

of cells and fluid and the contents were transferred to wells in the culturing-area of the chip. In 

total, cells and fluid from five different wells on the seeding-side were transferred to five new 

wells on the culturing-side of the chip. Both regions were filled with fresh RPMI medium before 

the experiment and pump parameters selected as in experiment 1 except time for infusion and 

time for withdrawing. Time for infusion was set to 30 seconds and time for withdrawing was set 

to 20 seconds. 

 

It was possible to transfer cells and fluid from the seeding-area to the culturing-area of the chip. 

First, the number of cells in the wells of the seeding-side of the chip was decreased in number 

after the cell-picking process. Second, cells could be found in the culturing-side directly after 
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transfer. It turned out that the withdrawing time was not sufficient to get all cells from a well. 

When the experiment was finished, it was also found that the medium on top of the wells in the 

seeding-part of the chip had been sucked up by the cell-picker. Furthermore, cells ejected in a 

given well could even end up in a neighboring well. Perhaps the flow rate was too high and/or 

time for infusion too long allowing cells to diffuse to a nearby well via the medium on top of the 

wells. In total, 145 cells were sucked up by the cell-picker and it was possible to find 48 cells 

directly after the experiment in wells of the culturing-part of the chip. Approximately 33 % of 

the picked cells could be found in a well directly after the experiment. Presumably, more cells 

that have been ejected by the cell-picker had not yet sedimented to the bottom of a well at the 

time of imaging. 

 

4.2.4 Experiment 3: Study of cell proliferation and viability over 24 hours 

In experiment 3, focus was on exploring some properties of transferred cells; proliferation, 

viability and morphology during 24 hours. Two chips were prepared and analyzed in parallel and 

the chips were prepared in the same way except that the amount of RPMI medium differed 

between the chips at the beginning of the experiment. 

 

Chip 1: In order to reduce the probability that cells end up in neighboring wells and that the cell-

picker aspirates surrounding fluids, the culturing side of chip 1 was emptied before the cell-

picking process and the wells of seeding side of the chip contained one well volume. However, 

fresh RPMI medium was added to both sides directly after the transfer.  

 

Chip 2: The chip was filled with excess RPMI medium at both seeding- and culturing side at the 

beginning of the experiment.  

 

The purpose was to compare whether the survival time or number of transferred cells differed 

between the chips depending on the start conditions. The flow rate of the pump, time for infusion 

and time for withdrawing was equal for both chips. 

 

Modification from experiment 1 and 2: First, the flow rate was lower in this experiment (see 

table 7) in order to reduce the probability of cells ending up in nearby wells. Second, the number 

of wells that cells were transferred from was reduced to three. Fewer wells lead to a decrease in 

the time the chip is exposed for normal room environment which eliminates the risk for 

contamination.  Third, the time for infusion and withdrawing was changed in order to find out 

how the time affects the number of transferred cells. Three different combinations of infusing 

time and withdrawing time were tested. Each combination was tested on both chips. A list of the 

experimental settings can be found in table 7. Cells were stained with calcein-AM before being 

seeded in the chips. After the cell-picking process the cells were incubated for 24 hours and then 

imaged. 

  



 

43 

 

 

Table 7. The experimental settings for experiment 3. 

Parameter Setting 

Flow rate 1,5 µl/minute 

Hamilton syringe 100 µl 

Time for infusion   

Well 1 50 seconds 

Well 2 40 seconds 

Well 3 60 seconds 

Time for withdrawing  

Well 1 54 seconds 

Well 2 40 seconds 

Well 3 46 seconds 

 

The images indicate that transferred cells survive for 24 hours after the cell-picking process (see 

figure 23). The amount of RPMI medium in the culturing area of the chip when the experiment 

begins seems to affect the survival of the cells. When the culturing area was completely filled 

with RPMI medium in the initial phase of the experiment, the cells survived for a longer time. 

On the other hand, the cells seem to have an ability to end up in nearby wells. When the 

culturing area is empty of RPMI medium in the initial phase of the experiment, the surviving 

time of the cells seem to be shorter, but cells end up in desired wells. A comparison between the 

two cases can be found in table 8, where the advantages and disadvantages are listed. 

 

Table 8. Comparison between the case when using one well volume in culturing/seeding sides and the 

case when using completely filled wells in both culturing and seeding sides during the cell-picking 

process. + indicates promising property while - indicates negative property. 

Property 
One well volume  

(Chip 1) 

Completely filled gasket 

(Chip 2) 

Precision when ejecting cells in 

well 
+ - 

Precision when picking cells 

from well 
+ - 

Viability (for 24 hours) - + 
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Figure 23. Fluorescent images from cell viability investigation over 24 hours. A) Shows seeding wells 

before the cell-picking process. Red box marks well where cells were picked. B) Shows same well after 

the cell-picking process. C) Culturing wells directly after the cell transfer. Red box marks a well where 

cells were ejected. As can be seen, some cells end up in a nearby well. D) Same wells as in C) but 24 

hours after the cell-picking process. 
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4.2.5 Experiment 4: Study of cell proliferation, morphology and viability for 7 days 

In experiment 4, focus was on investigating some properties of transferred cells; proliferation, 

viability and morphology during 7 days. The experiment was designed as in experiment 2 except 

that the culturing side of chip 1 contained one well volume each during this experiment. 

However, both sides of the chip were filled up with excess RPMI medium directly after the 

transfer as in experiment 3. 

 

The cells were imaged directly after the experiment and after 1 hour, 2 hours, 24 hours, 5 days 

and 7 days (see figure 24). Unfortunately, most of the cells were dead already after 5 days. There 

was just one interesting well containing some promising cells that could be alive (see figure 24E) 

since the morphology was similar to the 211-cell-morphology in cell suspension (see section 

4.2.1). At day 7 the cells were located in the same place in the well as at day 5 (see figure 24F). 

The cell had also decreased in size and lost the shape from day 5. Further on, no proliferation 

could be observed. The conclusion was that the cells probably were dead. Since practically all 

cells in the wells on the seeding side of both chips were dead (see figure 24G-H), it is not 

possible to draw the conclusion that the cell-picking process had killed the cells. 
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Figure 24. Bright-field and 

fluorescent images from cell 

viability investigation for 7 

days. A) Seeding wells 

before the cell-picking 

process. Red box marks a 

well where cells were 

picked. B) Seeding wells 

after the cell-picking 

process. C) Culturing wells 

directly after the cell-picking 

process. Red box marks a 

well where cells were 

ejected. D) The same wells 

as in C) but after 24 hours. 

E) The well after 5 days. 

Red arrows indicate cells. F) 

The same well as in E) but 

after 7 days. Arrows indicate 

some interesting cells. G) 

and H) A well that had not 

been involved in the cell-

picking process from the 

seeding side after 7 days. 
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4.2.6 Experiment 5: Seed cells in coated chips 

In order to increase viability and proliferation of the cells, the chips were coated with BSA, FN 

and SiO2 respectively in experiment 5 (see section 1.4.2). 

4.2.6.1 Experiment 5a: BSA coating 

In experiment 5a, focus was on examining how coating with BSA impacts survival time of the 

cells. 10 wells from different regions of each chip were documented for 7 days. The wells were 

imaged directly after the seeding step and after 3 hours, 24 hours, 4 days, 5 days and 7 days.  

 

The experiment showed that BSA, in both concentrations being tested, seems to have a positive 

effect on survival time of the cells. The number of cells increased in all wells and the cells also 

started to form clusters within a few days (see figure 25). 
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Figure 25. Bright-field images of a well from cell viability study over 7 days with BSA coated wells. A) 

A well directly after seeding, there are approximately 40 cells in the well. B) After 24 hours. The cells 

have proliferated and started to form clusters. There are now approximately 80 cells in the well. C) After 

5 days. The cells have increased in number and the cluster has increased in size. D) After 7 days. The 

cells have increased in number and the cluster has increased in size. 
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4.2.6.2 Experiment 5b: FN coating 

In experiment 5b, the procedure was the same as in experiment 5a, except that the chip was 

coated with FN instead of BSA and the wells were documented for 6 days. A concentration of 25 

µg/ml of FN was used. The wells were imaged directly after the seeding step and then after 24 

hours, 3 days and 6 days.  

 

The experiment showed that FN seems to have a positive effect on cell viability and proliferation 

since the number of cells increased in all wells, the morphology was similar to the 221-cell-

morphology in suspension and the cells started to form clusters within a few days (see figure 26). 

 

 
Figure 26. Bright-field images of a well from cell viability study over 6 days with FN coated wells. A) A 

well directly after seeding, there are approximately 180 cells in the well. B) After 24 hours. There are 

now approximately 360 cells in the well. C) After 3 days. The cells have started to form clusters. D) After 

6 days. The cells have increased in number and formed a confluent layer in the well. 
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4.2.6.3 Experiment 5c: SiO2 coating 

In experiment 5c, the procedure was the same as in experiment 5a and 5b, but a chip modified 

with a layer of SiO2 was used. The wells were imaged directly after the seeding step and then 

after 24 hours, 3 days and 6 days.  

 

The experiment showed that SiO2 seems to have positive effect on cell viability and proliferation 

since the number of cells increased in all wells and the cells started to form clusters over time in 

the same way as in cell suspension (see figure 27). 

 
Figure 27. Bright-field images of a well from cell viability study over 6 days with SiO2 modified wells. 

A) A well directly after seeding, there are approximately 60 cells in the well. B) After 24 hours. There are 

now approximately 90 cells in the well and they have started to form clusters. C) After 3 days. The cells 

have increased in number. D) After 6 days. The cells have increased in number and form a confluent layer 

in the well. 
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4.2.6.4 Summary  

In experiment 5, the result was that chips coated with BSA, FN or SiO2 improve cell viability 

and proliferation compared with the uncoated chips used in experiment 4 (see section 4.2.5). 

However, it is impossible to determine whether one of the coating methods is preferable to any 

other. This requires that more experiments are carried out and more data collected and analyzed. 

4.2.7 Experiment 6: Using coated chips in the cell-picking process 

In experiment 6, chips coated with BSA or FN, were used in order to investigate proliferation, 

viability and morphology of transferred cells during 6 days. The procedure was the same as in 

experiment 4 (see 4.2.5) except that the cells were not stained before the cell-picking process. 

This was motivated by the fact that the staining and cell-picking processes can cause too much 

damage to the cells. The cells were imaged directly after the cell-picking process, after 3 days 

and after 6 days. 

 

The results were basically the same for both BSA and FN coating. In the seeding wells, the cells 

increased in number and started to form clusters within a few days after the cell-picking process 

(see figure 28A-D and 29A-D). In the culturing wells on the other hand, the cells increased in 

number up to day 3. The proliferation was then minimal from day 3 to day 6. Also, the cell 

morphology changed during the imaging. Directly after the cells had been transferred, they were 

relatively round and spread out (see figure 28E and 29E). After 3 days the cells had lost a little 

bit of the roundness compared with the previous time point (see figure 28F and 29F). At day 6, 

the cells had not moved compared to the location at day 3. They were also smaller in shape, 

especially compared with the size directly after the transferring (see figure 28G and 29G).  

 

To sum up experiment 6: 

 The cells in the seeding wells proliferated and had promising morphology at day 6.  

 The cells in the culturing wells had not proliferated, nor did they display promising 

morphology at day 6, indicating low cell viability.  

 

The experiments indicate that something in the cell-picking process can harm the cells because 

of the difference in proliferation and morphology between seeding and culturing cells on the 

chip. 
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Figure 28. Bright-field 

images from cell viability 

investigation for 6 days 

with BSA coated wells. 

A) A seeding well before 

the cell-picking process. 

B) Shows the seeding 

well directly after the cell-

picking process. C) The 

seeding well after 3 days. 

D) The same wells as in 

C) but after 6 days. E) A 

culturing well directly 

after the cell-picking 

process. F) The same well 

as in E) but after 3 days. 

G) The same well as in E) 

but after 6 days. 
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Figure 29. Bright-field 

images from cell viability 

investigation for 6 days 

with FN coated wells. A) 

Shows a seeding well 

before the cell-picking 

process. B) Shows the 

seeding well directly after 

the cell-picking process. 

C) The seeding well after 

3 days. D) The same wells 

as in C) but after 6 days. 

E) A culturing well 

directly after the cell-

picking process. F) The 

same well as in E) but 

after 3 days. G) The same 

well as in E) but after 6 

days. 



 

54 

 

4.2.8 Experiment 7: Second generation of the cell-picker 

In experiment 7, chips coated with BSA, FN or SiO2 were used in order to investigate cell 

proliferation, viability and morphology for 9 days in total. The cells were imaged directly after 

the cell-picking process and after 2, 7 and 9 days. At day 7, the cells were stained with calcein-

AM to probe if they were alive in the wells. The cells were transferred with the second 

generation of the cell-picker (see section 2.6.2 for more details). The procedure was the same as 

in experiment 6 (see section 4.2.7). 

 

The results were basically the same for BSA, FN and SiO2 coating. In the seeding wells, the cells 

increased in numbers and started to form clusters after the cell-picking process (see figure 30A-

C, 31A-C and 32A-C). In the culturing wells, the cells increased in number up to day 7 indicating 

good proliferation (see figure 30D-F, 31D-F and 32D-F). Further on, the cell morphology was 

similar to the morphology in cell suspension (see section 4.2.1). The cell proliferation and the 

cell morphology indicated good cell viability which was proven by the cell staining with calcein-

AM (see figure 30-32G). The cells were imaged at day 9 to observe how the cell staining at day 

7 had affected the cells. The cell morphology was still similar to the cell morphology in 

suspension and the cells had increased in number, indicating good cell proliferation (see figure 

30-32H). The morphology and proliferation also indicated good cell viability. The preliminary 

result was that the cells survive at least 9 days in the wells after the cell-picking process, which 

was one of the goals with this project. 
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Figure 30. Bright-field and 

fluorescence images from 

cell viability investigations 

for 9 days in BSA coated 

wells. A) A seeding well 

before the cell-picking 

process. B) The seeding 

well directly after the cell-

picking process. C) The 

seeding well after 7 days. 

D) A culturing well directly 

after the cell-picking 

process. E) The same well 

as in D) but after 2 days. F) 

The same well as in D) but 

after 7 days. G) The same 

well as in D) but after 7 

days and cell staining. H) 

The same well as in D) but 

after 9 days. 
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Figure 31. Bright-field and 

fluorescence images from 

cell viability investigations 

for 9 days in FN coated 

wells. A) A seeding well 

before the cell-picking 

process. B) The seeding 

well directly after the cell-

picking process. C) The 

seeding well after 7 days. 

D) A culturing well directly 

after the cell-picking 

process. E) The same well 

as in D) but after 2 days. F) 

The same well as in D) but 

after 7 days. G) The same 

well as in D) but after 7 

days and cell staining. H) 

The same well as in D) but 

after 9 days. 
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 Figure 32. Bright-field and 

fluorescence images from 

cell viability investigations 

for 9 days in SiO2 coated 

wells. A) A seeding well 

before the cell-picking 

process. B) The seeding 

well directly after the cell-

picking process. C) The 

seeding well after 7 days. 

D) A culturing well directly 

after the cell-picking 

process. E) The same well 

as in D) but after 2 days. F) 

The same well as in D) but 

after 7 days. G) The same 

well as in D) but after 7 

days and cell staining. H) 

The same well as in D) but 

after 9 days. 
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4.3 Data analysis and simulations 

In this section, image analysis to determine intensity changes during the cell-picking process, 

simulations of the second generation cell-picker and scanning electron microscopy observations 

will be presented. Finally, a comparison between semi-automatic and manual cell-picking will be 

presented.  

4.3.1 Intensity analysis  

Fluorescent images received from the fluorescent channel of the microscope during the cell-

picking process were analyzed. See section 3.9 for more details about the analysis method. All 

images were recorded during the first three cell experiments and images from 10 different cell-

picking events were used. As can be seen in figure 33, relatively much of the intensity disappears 

during the cell-picking process. 

 
Figure 33. Diagram 

showing the intensity for 

four different categories. 

The noise elimination is 

included in the intensity 

values for all categories. 
 

 

 

 

 

There is some uncertainty about the reliability of the measurements since there is a risk that the 

cells obscure each other, especially in wells containing a lot of cells. For example, doubling the 

number of cells in a given well does not automatically mean that the cell intensity in the well is 

doubled in the image analysis. Furthermore, all fluorescent images from the first three 

experiments could not be used for the analysis since the exposure and power differed between 

the images in some cases. Therefore just preliminary results can be obtained and images from 

more cell-picking events must be analyzed for better result interpretation. 

 

However, the preliminary result indicates that the following formula applies in the cell-picking 

process: 

 

I[seeding well before] ≠ I[seeding well directly after] + I[culturing well directly after] (3),  

 

where I is the cell intensity in a given well. 

4.3.2 Simulations of the second generation cell-picker 

To better understand and visualize the flow conditions in the nozzle, simulations (COMSOL 

Multiphysics) were performed of the second generation of the cell-picker (see figure 34). The 

simulation would mimic the withdrawing event in the cell-picking process. The purpose was to 

investigate, in a theoretical way, how the flow behaves in the extreme points of the tubing 

system; in the inlet region and in the interface nozzle/tubing system. The stated dimensions of 

the nozzle and plastic tube used in the simulations can be found in table 9. 
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Table 9. Shows the stated dimensions of the components in the simulations. 

Dimension  Nozzle Plastic tubing 

Inner diameter [μm] 120 250 

Outer diameter [μm] 250 750 

Length [mm] 5 50 

 

Initial values for pressure and flow rate can be found in table 8 below. An initial value of the 

pressure at the inlet was stated to atmospheric pressure and an initial flow rate was calculated in 

the plastic tube based on the flow rate set for the syringe pump (see table 10). 

 
Table 10. Shows the stated or calculated initial values in the simulations. 

Parameter Nozzle Plastic tubing 

Pressure [Pa] 101.3 - 

Flow rate [m/s] - 0.0005 

 

The initial flow rate in the plastic tube was calculated by using following formula: 

 

   

          

          
           

         
 

 

  
     

          (4) 

 

where U0 is the initial flow rate in the plastic tube, v is the flow rate set in the pump (here 1.5 

μl/min) and r is the inner radius of the plastic tube (here 125 μm). 

  

The simulations show that the flow rate is high in the nozzle and low at the walls of the nozzle 

and tube, which are expected results. The acceleration over the nozzle/plastic tube interface was 

also calculated by deriving the velocity over a given distance in the simulation (see figure 34). 

The acceleration was calculated to 0.16 m/s
2
. This is a relatively low value compared with the 

result from studies of peak acceleration in the ascending aorta in healthy adults by using Doppler 

instrument. The result of these studies was a peak acceleration of 14-26 m/s
2
 [93]. The cells 

should therefore survive the acceleration changes in the flow system. 
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Figure 34. The nozzle/plastic tube interface. White arrows indicates the distance where the acceleration 

was calculated. 
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4.3.3 Scanning electron microscopy observations 

The SEM observations showed that the wells approximately have the dimensions 480x480 μm
2
, 

which is relatively close to the theoretical value 450x450 μm
2 
(see figure 35). The observations 

also showed that the walls of the wells have a relatively fine-grained structure (see figure 36 and 

37). This is a desired structure, especially during the cleaning procedure. Porous structures can 

complicate the cleaning step since cell residues can hide in the porous structure and be left in the 

wells after the washing procedure. 

 

The well surface area to chip surface area ratio (WSA:CSA) inside the walls of a hollow region 

in the modified gasket was calculated by using following formula (see formula 5): 

 

        
    

     

         
 (5) 

 

where x is the number of wells inside the walls of a hollow region in the modified gasket (here 

20), AW is the side length of a wall (here 480 μm), BG and CG is the sides of the hollow region in 

the modified gasket (here 4 mm and 9 mm).  

 

The ratio was determined to 12.8 %, which means that 87.2 % of the total area inside a hollow 

region of the modified gasket consists of silicon. This result also means that the most of the 

seeded cells in the seeding area of the gasket are wasted since they sediment to the silicon area 

and do not end up in any well. In addition, the ratio was expected to be a relatively low value 

since the wells are distributed relatively sparsely across the chip. However, this result motivates 

to place the wells closer to each other in the next generation of chips in order to increase the 

WSA:CSA value. 

 

 
Figure 35. SEM image showing the dimensions of the microwells. 
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Figure 36. SEM image showing the structure of the walls in the wells. 

 

 
Figure 37.  SEM image showing a wall of a well in high magnification. 
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4.3.4 Comparison between semi-automatic and manual cell-picking 

An inexpensive alternative to a cell-picker system is to manually transfer the cells between two 

microwells by using a pipette. To investigate whether this is a feasible alternative, cells were 

manually transferred between two microwells using a GELoader tip attached to a pipette. In 

addition, an inverted microscope was used in order to observe the wells and to transfer the cells 

between two microwells. However, during the experiment it was found that it was practically 

impossible to transfer any cells between wells because of constraining physical dimensions of 

the design of the involved microscopes. It was impossible to reach the well with the pipette tip 

because of the limited working space. 

 

If this problem is solved, there are still some potential problems regarding manual cell-picking. It 

is necessary to maintain an extremely steady hand over long time to keep a high precision when 

picking cells. Further on, special pipettes are required when volumes in the nl-range will be 

handled. Otherwise, it is easy to overflow the wells. The cell-picker on the other hand is steady 

in movement and has a position precision below the mm-range. Furthermore, it is possible to 

adjust flow rates and volumes needed to empty or fill the microwells.  

 

Therefore, the proposed cell-picker is suited for the transferring of cells between microwells. 
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5 Conclusions and future outlook 

To conclude, the results showed that it is possible to transfer cells from one microwell to another 

on a chip by using the semi-automatic cell-picker. The experiments demonstrated that the silicon 

chips need to be coated to achieve higher survival rate of the cells during long time studies. 

However, it could not be distinguished whether a particular coating method was preferable to 

any other. The second generation of the cell-picker demonstrated the most promising properties 

with respect to viability, proliferation and morphology of the transferred cells during 7-9 days of 

cultivation, compared with the initial cell-picker. However, the reproducibility of these results 

remain to be confirmed. 

 

Further programming of the pumping procedure should be carried out, incorporating speed-up 

and speed-down times, aspiration cycles and accelerated infusion/ejection to speed up and 

improve the suction and withdrawal of cells. 

 

The next step to take the procedure to the single-cell level is to scale down the nozzle so it fits 

the smallest microwells (45x45x300 μm
3
). With a smaller diameter of the nozzle, the flow rate 

inside the nozzle should increase, which should make it easier to aspirate the cell into the nozzle 

and thereby facilitate the transferring of the cell to another microwell. 
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Appendix A 

 
Staining of cells using calcein-AM 

 

 Resuspend and count your cells using a Bürker chamber 

 Transfer approximately 1 million cells to a 15 ml Falcon tube 

 

Preparation of staining medium (preferably performed during the tedious washing steps)  

 Preheat 1 ml of cleaning medium (RPMI with no additives) in an 1,5 ml Eppendorff tube by 

putting it in the incubator 

 Add 1 µl calcein AM to the medium and mix ( 0.5 µM Calcein in the final mix) 

 Let the staining mix stand in the incubator until use so it does not cool down 

 

1
st
 Washing of cells 

 Fill up the Falcon tube with cleaning medium  

 Spin down at 1600 rpm, 7 min 

 Gently discard the supernatant (the medium on top of the pellet of cells at the bottom)  

 Resuspend the pellet thoroughly in 1 ml of cleaning medium with a pipette 

 Repeat steps (1-4) twice for 3 washing steps in total but DO NOT resuspend the pellet in 

cleaning medium after the final wash. 

 

Staining 

Resuspend the pellet in staining medium and incubate for 10 min in 37°C. 

 

2
nd

 Washing of cells 

 Fill up the Falcon tube with cold cleaning medium to stop the staining process 

 Spin down at 1600 rpm, 7 min 

 Gently discard the supernatant 

 Resuspend the pellet thoroughly in 1 ml of cleaning medium with a pipette 

 Repeat washing 2-3 times in total but DO NOT resuspend the pellet in cleaning medium after 

the final wash. 

 
Final step 
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 Resuspend your pellet in 1 ml complete medium (RPMI with FBS, PEST and LGLUT) 

 Count cells 

Check if they are green on your fancy microscope 
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Appendix B 
 

Raw data from the instrumental experiment filling wells. 

Flow 

rate 

[µl/min] 

Well 

1 [s] 

Well 

2 [s] 

Well 

3 [s] 

Well 

4 [s] 

Well 

5 [s] 

Well 

6 [s] 

Mean 

value 

[s] 

St. 

dev. 

[s] 

Theoretical 

value [s] 

1 4 5 6 4 5 5 4.8 ± 0.75 3.7 

1.5 3 3 4 5 2 3 3.3 ± 1.03 2.4 

2 2 3 2 4 2 3 2.7 ± 2.67 1.8 

 


