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Sammanfattning 
Abstract 

 

Cell cultivation in bioreactors would benefit from developed monitoring systems with online real-time imaging to 

evaluate cell culture conditions and processes. This opportunity can be provided with the newly developed in situ 

Microscope also called ISM. The ISM probe is mounted into the wall of a bioreactor and consists of a measurement 

zone with an illuminating light source to obtain real-time images of moving cells in suspension. The instrument is linked 

to advanced imaging analysis software which can be specifically adapted for the objects in study. The aim of this project 

is to analyze the T lymphocyte cell line Jurkat T cells using the ISM equipment and identify specific features of the cells 

that can be obtained. The results show that the equipment and linked software are suitable for monitoring cell density, 

cell size distribution and cell surface analysis of the Jurkat cells during cultivation. The ISM could also detect induced 

changes in cell size caused by osmotic shifts and the course of an infection occurring in the cell suspension using a 

developed software for online real-time monitoring. 
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1. Introduction 
This chapter introduces the project by giving an overview of purpose, boundary conditions, impact of 

the study and objectives of the work. This master thesis project was conducted at Linköping University 

at the department of Physics, Chemistry and Biology in cooperation with Hannover University and the 

Institute für Technische Chemie and the Cell Therapy Catapult in London. The project was conducted 

for approximately 20 weeks and represents the final examination of the Master program Industrial 

Biotechnology and Production.    

 

1.1 Purpose of the study 
The main purpose of this project was to analyze the feasibility of the In Situ Microscope (ISM) to 

monitor cultivation of the mammalian T lymphocyte cell line: Jurkat cells. The aim was to characterize 

visible features of the specific cells and collect and evaluate data that could be obtained using the ISM. 

Parameters such as cell density, cell size and other visible morphological information were of special 

interest since these parameters are important for maintaining a healthy cell cultivation. The evaluation 

of the ISM in this project would provide answers to if the equipment would be advanced enough to 

monitor cultivations of mammalian cells in real-time based on these target parameters. The goal was 

also to further develop and optimize the software for image analysis to obtain online results without 

manual data analysis. This software would be optimized for Jurkat cells and evaluated for stability, 

preciseness and sensitivity.  

 

1.2 Boundary conditions 
The most important limitation of this project was the quality of the images obtained from the ISM 

equipment. Furthermore, the technical capacity of the microscope was of relevance since the quality of 

the images depends on a number of factors including sampling volume, focus point, resolution, light 

and magnification. For this project, the ISM Type III XTF was used and the objective tubes connected 

to the camera was a 4x and 10x magnification. Therefore, the maximum magnification available with 

these objective tubes was an important boundary condition. There was also a restriction based on the 

developed software being used. Since the analyses were made with an image processing software the 

restriction lie within the programming of the software and algorithms applied for image analysis.  

 

Moreover, boundary conditions were also based on the visibility factors and morphological changes that 

could be induced in the Jurkat cells. Morphological changes could include parameters for cell cultivation 

such as cell density and cell size, health of the cell suspension or differentiation and proliferation 

processes. If the Jurkat cells fail to show significant changes during experiments; the ISM would not be 

able to detect any visible differences in cell morphology. There was also a boundary condition in the 

cultivation time possible for analysis. This boundary condition was based on the bioreactor design and 

the environment of Jurkat cell cultivation. If the environment failed to be sufficient for cell growth the 

cell suspension would not have the right conditions appropriate for optimal cell growth and proliferation.    
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1.3 Expected impact of study 
The expected impact of this study would be to develop and evaluate an alternative to existing equipment 

for cell cultivation monitoring. Since it is hard to monitor certain aspects of cell cultivation the ISM 

could give an important addition to online monitoring tools of mammalian cell cultivation. Cells 

growing in bioreactor cultures would benefit of an online imaging system as the ISM with the purpose 

of monitoring the cellular state. Interesting parameters such as cell density, cell shape, morphology, cell 

surface analysis, differentiation processes, proliferation and roundness could be analyzed by the ISM 

probe. The sampling procedure often required for analysis could be exchanged to the online monitoring 

that the ISM could provide.  

 

If the ISM proves to be sufficient for monitoring cultivations of mammalian cells with respect to 

parameters such as cell density, cell size and morphology it could lead to reduction of offline analyses 

and need for sampling. The ISM is mounted straight inside a bioreactor and has the possibility to give 

online analysis by data and image processing but also by visual examination of the process in study in 

real-time. Since today’s offline analyses are time consuming and include contamination risks, the use of 

ISM could minimize these risks and optimize cultivation processes. If specific parameters for cell 

differentiation of the Jurkat cell line are found; the possibilities of making an algorithm for automated 

analysis would become available which would increase productivity. 

 

Mammalian cells are often used for cell therapy strategies and the health of the cells is important to 

measure. Obtaining visual analyses from inside a bioreactor could be of great impact since it gives much 

information of the processes happening inside the bioreactor. The ISM could give a possibility to 

monitor critical events and transformations of the cells in order to get quick information and make a 

basis for decisions on GMP, good manufacturing practice, procedures that could increase efficiency. 

For example, a contamination occurring in a bioreactor would take some time being noticed without the 

visual aid of a microscope since existing probes rarely detect an infection course. With the ISM an 

infection or contamination would be quickly noticed by visual analysis or image processing algorithms 

could be developed to give online warning signals if infection occurred.  

  

The benefits for society would be optimized cultivation of mammalian cell which would improve 

benefits for pharmaceutical needs and development of cell therapy research. Since the ISM technology 

is relatively new; it is important to further investigate the possible applications, development and 

benefits for using this online measurement method.  
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1.4 Objectives of the work 
The objective of this thesis work was to evaluate the ISM and its feasibility for monitoring mammalian 

cell cultures such as the Jurkat cells. Goals that needed to be achieved before experiments could be 

started are described below. 

 

 To find or construct a small scale bioreactor that could be connected with the ISM and fulfill 

the requirements needed for mammalian cell cultivation 

 To work with GLP and successfully cultivate Jurkat cells 

 To obtain knowledge of the ISM equipment and the software used by writing an SOP  

 

In order to fulfill the objective of the thesis work, several experiment were conducted in order to evaluate 

the ability of the ISM to monitor a Jurkat cell cultivation and specific changes or parameters such as cell 

size and cell density. The cell density obtained by the ISM would be compared to reference controls. 

Further objectives was to characterize the cell morphology effects of changing the osmolarity of the 

Jurkat cell suspension and monitor this change with the ISM. Furthermore, the final goal of this project 

was to develop and evaluate a new software for online monitoring of Jurkat cells. The objective was to 

evaluate if the software could be used for continuous control and monitoring of a cultivation process.  
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2. Theory and Methodology 
This chapter introduces the scientific background the project is founded on. The information given in 

this chapter was needed in order to conduct this project. 

 

2.1 Scientific background 
Before the project could be started it was important to obtain information about the equipment and 

software being used. It was also of interest to gain knowledge on procedures in cultivating mammalian 

cells. For this specific project it was also necessary to obtain information about small scale bioreactors 

to use for mammalian cell cultivation. The bioreactors also needed to be adapted for mammalian cells 

with specific demands and the possibility to insert the ISM probe needed to be considered as well.  

 

 

2.1.1 Control of cultivation processes 
When cultivating mammalian cell it is important to monitor many different parameters. The most 

important parameters for monitoring cultivation processes in bioreactors are cell density and cell 

viability (Joeris et al. 2002). The instruments available for these analyses are mostly based on measuring 

turbidity, conductivity, optical density or fluorescence. However, the results are still verified using 

offline methods using microscopy analyses and hemocytometers for cell counting. There are also some 

optical techniques based on nephelometry (particle light scatter) or turbidimetry that can measure 

concentration and size distribution of suspended cells in industrial bioprocesses (Höpfner et al. 2009). 

Nevertheless, these methods have drawbacks of only being available offline or atline and are not 

adjustable to higher particle concentrations. The existing inline equipment only delivers a limited 

number of process parameters and the other parameters including morphology is often measured offline 

which is time consuming. Therefore, a need for new online imaging techniques for automated analysis 

becomes higher in order to develop and improve cultivation processes.  

 

 

2.1.2 In Situ Microscopy, ISM 
A new technology has been developed to minimize the need for offline monitoring in biotechnological 

processes. This new technology consists of a microscope probe that is inserted into a bioreactor. The 

probe needs to be inserted in a horizontal direction in favor of image acquisition quality and the 

microscope is adapted to be connected in a standard Ingold port often used for steel tank stirred 

bioreactors. The microscope is connected to a CCD-camera which can take online images of cells 

flowing past a sampling zone. Since the technique is used in real-time and inserted in a bioreactor it is 

called in situ microscopy or ISM. Previous reports have been made with successful monitoring of 

different processes in bioreactors with ISM. Such experiments include online monitoring of: fibroblast 

cultivation using microcarriers (Rudolph et al. 2008), enzyme carriers and their mechanical stability 

(Prediger et al. 2011), enzymatic hydrolysis of cellulose (Opitz et al. 2013), microalgal cultivation 

(Havlik et al. 2013) and cultivation of CHO, Chinese Hamster Ovary cells (Joeris et al. 2002). 
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The system described by Joeris et al. 2002 used a CCD camera that acquired high quality images to 

obtain information about cell density, cell size distribution and the degree of aggregation (Joeris et al. 

2002). The method used for cell counting using ISM was compared to offline methods (Figure 1) and 

the image analysis was made using manual loading of images into a software to obtain cell count. By 

using a 5-fold magnification objective visibility analysis showed both cells and air bubbles which made 

cell count possible (Figure 2). However, to extract information about morphology and viability a 20-

fold magnification object is recommended (Joeris et al. 2002). 

 

 
Figure 1. Cell counting procedure of Offline microscopy compared to In-situ microscopy. Picture taken from Joeris et al. 2002. 

 

 
Figure 2. Pictures of CHO cells using In-situ microscopy with a 5-fold magnification objective. Picture taken from 

Joeris et al. 2002. 

 

 Image analysis software 

To analyze the images obtained from the ISM a software analysis tool needs to be used and different 

algorithms applied. The algorithms are specific for the objects in focus and are usually based on visibility 

factors that characterize the object in study. The earlier ISM used a method called Depth from Focus 

(Suhr et al. 1995). This method used an epifluorescens microscope inserted in a bioreactor to monitor 

the fermentation process of yeast and the image analysis was made using an algorithm based on the 

different depth of focus of the images (Figure 3) which could point out cells from the surrounding media 

(Suhr et al. 1995).  
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Figure 3. The image from In-situ microscopy using epifluorescens. Depth of focus gives the number of cells per 

image. Picture taken from Suhr et al. 1995. 

 

For every different experiment it is important to find good characteristics of the objects in study that can 

be recognized by software using image processing algorithms. Another example is to use parameters 

such as grey value gradients for grey values of cellulose particles (Figure 4, Opitz et al. 2013). 

Algorithms can use grey values to find particles because these objects usually show a different scale of 

grey in images compared to the media used. This is ultimately used to obtain the cell count and cell 

density and possibly the size distribution of the cells. However, to acquire extended information about 

the cells such as morphology, differentiation process and viability; more sophisticated algorithms must 

be developed and several image processing algorithms applied.  

 

 
Figure 4. An analyzer software for cellulose that interprets grey values. Left: original image. Center: binary image. 

Right: Result image. Picture from Opitz et al. 2013. 

 

Some mammalian cells preferably grow in adherence to a surface making the use of microcarriers 

appropriate. Microcarriers exist in suspension with mammalian cells giving the cells a surface to attach 

to in order to increase productivity by achieving higher cell densities (Figure 5, Rudolph et al. 2007). 

However, the most common way to decide cell concentration is to remove a sample and detach the cells 

from the microcarriers and then perform a cell count. This is a time consuming analysis that will 

consume cell samples. One solution is to use ISM for analyzing microcarriers but the cells are not 

analyzed individually due to the fact that individual cells are hard to distinguish from one another on the 

surface. However, the microcarriers can be analyzed depending on the level of colonization by using 

histograms of grey value (Höpfner et al. 2009; Rudolph et al. 2007).  
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Figure 5. Cultivation of adherent NIH- 3T3 cells followed by In Situ microscopy with 4-fold magnification 

objective. Picture taken from Höpfner et al. 2009. 

 

 

2.1.3 Cultivation of mammalian cells in bioreactors 
There are many differences regarding cultivation of mammalian cells compared to plant cells or 

microorganisms. For one, the growth rates are much slower which makes the growing conditions critical 

to uphold for longer periods of cultivation times. The mammalian cells also have an ability to induce 

apoptosis caused by oxygen or substrate limitation and have higher sensitivity for shear stress than plant 

cells or microorganisms (Pörtner, 2014).   

 

This puts higher demands on bioreactors in respect to pH, temperature, dissolved oxygen and carbon 

dioxide concentration. It is also important to choose the right mode of agitation which can be by shaker, 

roller unit, rocker unit, rotating shift stirrer, tumbling shaft stirrer or oscillating vibromixer (Pörtner, 

2014). There are plenty of different types of bioreactors used for growing mammalian cells. For example 

T-flasks, spinner flasks, shake flasks and wave mixed bioreactors (Pörtner, 2014). Comparisons between 

different bioreactor designs for mammalian cell cultures have also been made (Barradas et al. 2012). 

There are also a number of single use disposable bioreactors for mammalian cells. However, these 

usually have the drawback of restricted automated control, limited availability of disposable sensors and 

problems with trace amount of chemicals (extractables) from the container into the media (Eibl et al. 

2010). The single use bioreactors are often delivered in a sterilized state and are not appropriate for 

steam sterilization (Pörtner, 2014). In single use bioreactors there are rarely ports of connections from a 

horizontal direction and no Ingold ports are available on these bioreactors. 

 

2.1.4 Jurkat cells 
The cells T lymphocytes are white blood cells that are important for the immune response. The T 

lymphocytes are responsible for cell-mediated immunity in the body which means that they recognize 

foreign cells in the body by the antigens on the cell of the invader and starts an immunological response 

to eliminate the invader. The Jurkat cells are a specific cell line of T lymphocytes that are used for 

studying T cell signaling, acute T cell leukemia and susceptibility of cancers to drugs and radiation. The 

cells are also known to produce interleukin 2. The cell line was established by the peripheral blood of a 

young boy with T cell leukemia, the cells are non-adherent with a doubling time of 48 hours. 

(Celeromics [online] Accessed: 2015-01-28). 
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When studying specific cells it is important to know the morphology of the cells to be able to notice 

differences that will give information about the health of the culture. The observed average sizes in 

diameter of Jurkat cells have been shown to be 11.33 ± 1.34 µm (Lin et al. 2011).  The normal 

morphology of the Jurkat cell T lymphocyte surface of range from smooth to several microvilli 

extending from the membrane (Figure 6). 

 

Figure 6. Images of T lymphocyte cells. Cell surfaces range from a smooth surface but slightly rugged at image 

3, to some extensions at image 4 and surface digitations at 5, to several microvilli growing from the membrane at 

image 6. Picture taken from Polliack et al. 1973. 

The cells shapes are round and tend to grow in clusters, however, these clusters might be separated using 

appropriate stirring in cultivation suspension (Figure 7). The Jurkat cells seem to be stable enough to 

handle fluid changes used for separating clustered cells made by a nozzle-diffuser micropump and show 

80 % viability after separation (Yamahata et al. 2005). The cells also show signs of aggregation during 

specific induced apoptosis with staurosporine (Figure 8) and also some differences in cell size and 

morphology during apoptosis, calculated using MATLAB and Image-Pro software (DeCoster et al. 

2010).   

 

Figure 7. Image of Jurkat cells a) growing in clusters, b) separated by nozzle-diffuser pump and c) back to growing 

in clusters after 24 hours after separation. Picture taken from Yamahata et al. 2005. 
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Figure 8. Image of Jurkat cells taken with phase microscopy using a 200x magnification treated with staurosporine 

0, 1, 2 and 4 hours shown in a, b, c and d respectively. Picture taken from DeCoster et al. 2010.  

 

2.1.5 Morphological effects on cells by inducing an osmotic shock  
Morphological changes in the cells can be induced by changing the osmolarity of the cell suspension 

media. This can be done with adding a solution with a different osmolarity than the cells are used to. 

This will induce a morphological change in the cells with either cell shrinkage by adding a hyperosmotic 

solution or cells swelling by adding a hyposmotic solution. It is important for the T lymphocyte cells to 

be able to withstand extracellular osmotical changes. During anisotonic conditions, the cells regulate 

their volume with regulatory mechanisms. In the body, the T lymphocytes might come across local 

external changes in osmolarity for example in the renal medulla or in sites of inflammation (Deutsch 

and Cheng, 1993). Therefore, it is important for the cells to be able to regulate the cell volume depending 

on the fluctuating osmolarity of the external environment. When cells are exposed to hyposmotic 

solutions the cells respond by taking in water to even out the concentration gradient between 

extracellular- and intracellular solutions. For hyperosmotic solutions, when the extracellular solution 

contains more particles than the intracellular, the cells respond by removing water and shrinking in size.  

Cell proliferation usually leads to increase of cell volume at some point of the development (Lang, Ritter 

et al., 2000). When mammalian cells go from the starting stage G0 to various stages in development the 

cell increase in volume. The major factor involved in this volume increase is the stimulation of ion 

uptake through several ion channels in the membrane (Figure 9). This swelling occurs even if the 

extracellular solution has a constant osmolarity. The increase in cell volume during proliferation is done 

by cell volume regulatory mechanisms. For 3T3 Fibroblasts, the cell proliferation is coupled with cell 

membrane transport of Na+/H+ exchange and the Na+, K+, Cl- cotransport which are the major 

contributions to cell volume effects (Lang, Ritter et al. 2000).  

Cell proliferation might require the activation of Cl- channels at some stage which is a membrane 

channel that releases large osmolytes. However, Cl- channels are also often activated by diverse 

apoptotic factors causing the cells to shrink (Lang, Ritter et al., 2000). Proliferating cells usually express 

high levels of Cl- channels. These channels can, however, decrease during media depletion and blockage 

of the channels is shown to slow down cell proliferation (Lang, Ritter et al., 2000).  
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Figure 9. The cells mechanism for regulation of cell volume. Left image: cell volume decrease in osmotically 

swollen cells and cell volume increase by osmotically shrunken cells by different cell membrane channels. Right 

image: activation of the CD95 receptor in Jurkat cells leading to cell shrinkage and possibly apoptosis. Picture 

from Lang, Ritter et al., 2000. 

 

In the Jurkat cells stimulation of CD95 receptor, cluster of differentiation 95, leads to activation of a 

specific Cl- channel (left image of Figure 9). The CD95 is a FAS receptor involved in apoptosis. 

Activation of the CD95 receptor also induces DNA fragmentation and the activation of the chloride 

channel also causes cell shrinkage (cell shrinkage on left image of Figure 9). This chloride channel is 

also activated, as a cell volume regulatory mechanism, by cell osmotic swelling causing cytosolic 

acidification which could lead to apoptosis (Lang, Ritter et al., 2000). 

 

There are also other channels involved in cell volume regulation (right image of Figure 9). A specific 

isoform of the K+ channel plays an important role for regulatory volume decrease in response to 

hyposmotic shock. This was shown by blockage of the K+ channels in mouse cytotoxic T-lymphocyte 

cell line, CTLL-2, rendering them unable to regulate cell volume (Deutsch and Chen, 1993). K+ channels 

were activated by volume induced membrane potential which was accomplished by washing the CTLL-

2 cells in isotonic PBS or hypotonic medium with 25% PBS containing rIL-2, recombinant interleukin-

2, at 8,3 ng/mL (Deutsch and Chen, 1993). Different transfection plasmids for K+ channels were used 

for the cells to see what would influence the cell volume regulatory mechanism, however, all the cells 

swelled with a similar time constant of 1.40 ± 0,5 (mean±SD) minutes but the cells regained their normal 

size at different time constants depending on the K+ channel expressed (Deutsch and Chen, 1993).  

Lymphocyte volume regulation is an important mechanism since it might be necessary for proliferation 

of the lymphocytes and also to maintain an effective immune response in the human body.  
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It is not clear exactly how the cell volume regulatory mechanism influence the cascade of events leading 

to apoptosis but the alterations of cell volume is an important factor that can influence the lifecycle of 

the cell. Cell shrinkage might hinder proliferation and apoptosis can be induced by increasing the 

extracellular osmolarity (Lang, Ritter et al. 2000). This can be done by increasing osmolarity to 500 

mOsm but the specific cells volume regulatory capacity may influence their resistance to apoptosis 

(Lang, Ritter et al. 2000). There are also cell protective effects of cell shrinkage that renders cells more 

sustainable towards apoptosis. Cell shrinkage can inhibit oxidative burst in Leukocytes, contribute to 

accumulation of stabilizing cellular osmolytes and induce expression of certain heat shock proteins 

which in turn can protect the cells from apoptosis (Lang, Ritter et al. 2000). 

 

2.2 Methodology 
In order to conduct this project, certain methods needed to be examined. The methodology used of this 

project included the ISM equipment and the software being used with the microscope. 

 

2.2.1 In Situ Microscope 
The in situ microscopy is an online process monitoring tool that, for example, renders analysis of 

mammalian cells inside a bioreactor possible. The microscope is installed in a bioreactor using a 25 mm 

standard Ingold port. The microscope has a flow-through sampling zone that is adjustable during 

cultivation which gives the capability to change sampling volume depending on cell concentration 

(Joeris et al. 2002). However, the image quality is depending on the cleanliness of the lens which makes 

the choice of material and cultivation media affect the amount of debris sticking to the surface of the 

sampling zone (Joeris et al. 2002). Therefore, for some types of the ISM it is possible to make the 

retractable housing on the microscope either an integral part of the system or an independent unit that 

can be removed completely from the bioreactor and cleaned separately (Joeris et al. 2002). If the 

sampling zone is integrated in the bioreactor a CIP (clean in place) mechanism makes it possible to clean 

during cultivation. It is possible to separate different parts of the microscope which makes cleaning of 

the objective lenses, measurement zone and the two sapphire windows possible to do separately and the 

lower segment (Figure 11) can be sterilized either by autoclaving or SIP-cleaning, sterilization-in-place 

(Joeris et al. 2002).  

 

 

2.2.2 In Situ Control 
There are specific software for controlling the equipment and also for analyzing the images obtained 

(described by Bluma et al. 2010). For online control of the microscope during cultivation the program 

In Situ Control is used. This program gives the user control over variables like sampling zone volume, 

exposure time and illumination. The program also gives the opportunity to decide the design of the 

specific experiment. This is done by setting parameters for the image acquisition cycle. The parameters 

include number of cycles, time between cycles and images per cycle rendering an automated experiment 

flow obtainable. For more information and a standard operating procedure of the In Situ Control see 

Appendix I.  
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2.2.3 Graphic Analyzer 
There are other software for image processing and analysis. One is called In Situ Analysis and is 

designed modular with algorithms for analysis of yeast, mammalian cells, BHK, CHO and crystals 

(Bluma et al. 2010). Another program developed is called Graphic Analyzer (see Appendix I for SOP 

of the Graphic Analyzer). The software uses a specific file created from the In Situ Control program to 

analyze the images from the designed experiment. After the acquisition cycle is finished, the data can 

be analyzed in the Graphic Analyzer software with specific parameters for the object in study. The 

parameters include Binarization Threshold, Object Diameter Minimum, Maximum Compactness, Pixel 

Length and Measuring Zone Height. After the parameters are optimized for the specific experiment, the 

experiment and all images can be analyzed with the software by uploading the ISE file, In Situ 

Experiment, to the Graphic Analyzer. The software is based on a grey scale gradient algorithm (Figure 

10) that distinguishes cells from the media, makes a binary image based on grey scale and finally points 

out counted cells and their approximate size. The program also give two tables with results which can 

be analyzed separately using for example excel. The table show several parameters like number of cells 

per image, cell size, cell diameter, cell density and compactness of the cells (Appendix I). 

 

 

 
Figure 10. Image analysis of Jurkat cells with the Graphic Analyzer software. A) Original Image. B) Binarization 

Image. C) Counted cells. 
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3. Materials 
This chapter includes a description of the materials used in this project. For a more thorough review of 

the ISM and software, see Appendix I.  

3.1 In situ microscope Type III XTF  
The ISM equipment was borrowed from Institut für Technische Chemie, Leibniz Universität Hannover. 

The microscope is of a Type III XTF In situ microscope. The sampling zone is a flow-through height 

adjustable chamber that makes it possible to change sample volume depending on process conditions. 

The microscope is consisted of three tubes (Figure 11) and uses a LED emitting light of 505 nm since 

the CCD camera has a maximum spectral sensitivity in this range (Bluma et al. 2010). Different 

magnification objectives can be used depending on situation, for this project 4x or 10x, and the CCD 

camera Sony XCD SX-910 1/200, interface IEEE 1394 has a maximum resolution of 1280x960 pixels 

(Bluma et al. 2010). Parts 5 and 6 (Figure 12), which are the inner and outer tube of the microscope, are 

detachable. Part 6 is inserted in the bioreactor and both parts can either be sterilized together with a 

small bioreactor in an autoclave or part 6 can be integrated with a 25mm standard Ingold port of a stirred 

tank reactor with SIP-cleaning to sterilize only the inserted part 6.  

 

The upper segment (Figure 11) consist of the electronic parts of the ISM and contains the CCD-camera 

and the different ports for electronic connections. The upper part is controllable by computer since the 

stepper motors and power supplies are connected here. One of the stepper motor controls the size of the 

sampling zone and the other stepper motor moves the objective to change focus point. This upper part 

is detachable from the lower segment rendering the lower segment to be autoclaved separately. At the 

end of the inner tube at the lower segment there is a sapphire window which is a part of the sampling 

zone and the position of the inner tube decides the size of the sampling zone. The objective moves inside 

the inner tube to set the focus point. On the other side of the sampling zone there is another sapphire 

window with a LED-light behind (Figure 11).   

 

 
Figure 11. Picture of the ISM microscope Type III XTF manufactured by Sartorius Stedim Biotech (Göttingen, 

Germany). Picture taken from Bluma et al. 2010. 
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Figure 12. The ISM Type III XTF obtained from Institut für Technische Chemie, Leibniz Universität Hannover  

 

3.2 Jurkat Cells 
The cells used in this study were provided by Cell Therapy Catapult in London. The specific cells are 

of the Jurkat cell line of T lymphocyte cells. The cultivation of the Jurkat cells can be done with RPMI 

medium supplemented with 10% fetal bovine serum and penicillin/streptomycin (DeCoster et al. 2010: 

Zhang et al. 1998) or RPMI 1640 supplemented with 10% fetal calf serum, L-glutamin, sodium 

pyruvate, non-essential amino acids and 4-2-hydroxyethyl9-monosodium salt, HEPES (Yamahata et al. 

2005). The media chosen for this project was RPMI-1640 high glucose media with L-Glutamine and 

HEPES obtained from ATCC. The media was supplemented with Heat Inactivated FBS, Fetal Bovine 

Serum, from gibco life technologies. 

 

3.3 Other equipment 
For cultivation and studies of the Jurkat cells the equipment being used was Tuttnauer 3870 autoclave 

for sterilization of the bioreactor and ISM, an Eppendorf centrifuge 5702 for separating cells, the 

microscope Axiovert 40C from Zeiss for analysis and counting of the cells by hemocytometer and 

Trypan blue staining and the camera Canon PowerShot for obtaining pictures of the Jurkat cells before 

experiments with the ISM. For reference control of the osmotic shock induced in experiment 3-5 a 

freezing point Micro Osmometer from Advanced Instruments Inc. was used. The Osmometer was of 

Model 3300 and the reference control and calibration solutions had an accuracy ±3 mOsm. Reference 

control also included the Trypan blue staining technique for counting cells on a hemocytometer which 

was a Bürker chamber. 
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4. Methods 
This chapter includes the specific methods being used in the project and also a description of all the 

experiments conducted in a chronological order. The first methods described are the preparatory work 

needed before starting the experiments and the following descriptions are the method used for each 

specific experiment being conducted. 

 

4.1 Bioreactor design and experimental setup 
The first objective was to find a small size bioreactor with a maximum volume of 1 liter that could be 

connected with the In Situ Microscope. Since this project was based on mammalian cells the demands 

on the bioreactor were: sterility, low-shear mixing and aeration, temperature control, CO2 concentration 

control and stability. The bioreactor also needed to be connected in a sterile way with the ISM 

equipment. The connection needed to be in a horizontal way to avoid cells sticking to the sapphire 

windows. The study that was done on single use bioreactors on the market showed that there were no 

bioreactor suitable for this project (Pörtner 2014; Eibl et al. 2010; Barradas et al. 2012; Shukla and 

Gottschalk 2013). Therefore, a new bioreactor that would be suitable for this project was constructed. 

This was done by connecting a small size bioreactor with a horizontal integration point for the ISM-

equipment. The maximal volume of this bioreactor was 500 mL and the experimental volume needed 

was 250 mL. The bioreactor had a magnetic stirrer in the bottom and air filter at the top with a small 

sampling port for reference control of cell density and comparison with the online result from the ISM. 

This small bioreactor will be referred as Bioreactor Prototype 1 (left part of Figure 13).  

 

The setup for experiments 1-5 was done by assembling the ISM equipment Type III XTF with the 

bioreactor prototype 1 (Figure 13). The cell suspension volume added was 250 mL for all the 

experiments and the cultivation mode was batch. Part 5-6 of the ISM Type III XTF (Figure 12 or lower 

segment Figure 11) was connected with the bioreactor prototype and the assembly was autoclaved in 

the Tuttnauer 3870 autoclave. The assembly was then transferred to a sterile working bench and pre-

heated media was added into the Bioreactor Prototype 1. Finally, the bioreactor was inoculated with 

Jurkat cells. The assembly was placed in an incubator with 37°C and 5% CO2 and the lower segment 

was connected to the CCD-camera and objective (upper segment Figure 11). All the electronic 

connections were made and the In Situ Control program started (see Appendix I for a SOP of the ISM 

and software).   

 

 

 
Figure 13. The Bioreactor Prototype 1 to the left, connected with the ISM-equipment Type III XTF on the right 
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In order to perform the image processing, which was done after the experiment was finished, the image 

acquisition cycles was obtained during defocused mode. The defocused mode means that the cells are 

reflecting light and the cell borders are blurry (right image of Figure 14). This helps the Graphic 

Analyzer software to distinguish between cells and the cultivation media since the software is based on 

a grey scale gradient algorithm. This setting was applied for experiments 1-5 before image analysis in 

the Graphic Analyzer (for method on analysis, see Appendix I). This project used an image processing 

software called Graphic Analyzer which was adjusted for analyzing the Jurkat cells. 

 

 
Figure 14. Image obtain with ISM-equipment Type III XTF. Left image: focused mode. Right image: defocused 

mode. 

 

Reference controls 

For evaluation and reference control of the information obtained from the ISM cell counting has been 

done manually by using a hemocytometer during several experiments. A sample of 0.5 mL was taken 

from the cell suspension and mixed thoroughly with 0.5 mL of Trypan blue in an Eppendorf tube. After 

approximately 2 minutes, a sample of 20 µL was placed on the Bürker chamber slide and cells were 

counted (for method of counting see Freshney, 2005). Living cells have the ability to pump the Trypan 

blue through the cell membrane rendering them uncolored while dead cells are stained blue.  

 

4.2 Cultivation of Jurkat cells 
A vial of Jurkat cells was quickly thawed in a 37 ͦ C water bath and transferred to a centrifugal tube 

containing RPMI-1640 with 10 % Fetal Bovine Serum. The contents were centrifuged and re-suspended 

in 5 mL of media. A cell count was made and the volume was adjusted to obtain a cell density of 2-

5x106 cells/mL before plating to a T-75 culture flask. The culture was incubated in 37 °C in air 

atmosphere with 5% carbon dioxide. The media was changed on the cells every second day for 

maintaining a healthy cell culture. The cell density was maintained at a 1x105 and 1x106 viable cells/mL 

for continuous growth. See Appendix II for cultivation protocol of Jurkat cells. 
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4.3 Experiment 1: monitoring cultivation for 18 hours 
The ISM equipment was assembled with the bioreactor prototype 1 as described in experimental setup 

(paragraph 4.1). The cell suspension was added to the bioreactor and inoculated with Jurkat cells to a 

final concentration of approximately 5x105 cells/mL. Testing and optimization was done to achieve 

good images and settings for Jurkat cells. After evaluation the first experiment was started in order to 

obtain information of the cells including cell size and cell density during 18 hours of cultivation time. 

 

The first acquisition cycle was set up as following: 

 

Acquisition cycle experiment 1:  

Number of cycles: 18 

Time between cycles: 60 min 

Images per cycle: 250 

Time between images: 1.0 s   

 

Pictures were also taken in focused mode to evaluate the capacity of the microscope. The pictures were 

also analyzed based on morphological information that could be obtained visually (left picture of Figure 

14). These images were not analyzed with the Graphic Analyzer since the difference in grey value 

comparing cells and media are much smaller than during defocused mode.  

 

 

4.4 Experiment 2: monitoring cultivation for 144 hours 
The ISM was assembled with the Bioreactor prototype 1 as describes in experimental setup (paragraph 

4.1). This time the aim of the experiment was to monitor a cultivation process for several days to see 

how the cell density would change over a longer period of time and also to detect differences in cell 

size. The cultivation was followed in defocused mode for 6 days with an acquisition cycle of 144 hours 

of cultivation. However, after 132 hours the cells were beginning to show signs of significant viability 

loss which could influence the results. Therefore, the data acquiring was stopped after 132 hours of 

cultivation. 

 

Acquisition cycle experiment 2:  

Number of cycles: 24 

Time between cycles: 360 min 

Images per cycle: 200 

Time between images: 2.0 s   

 

 

 

 

 

 

 

 

 

 

 



 

18 
 

4.5 Experiment 3: hyposmotic shock 
Testing 

The first goal of experiment 3 was to induce a morphological change in the Jurkat cells. This was done 

by experimenting with different osmolarity conditions for the cells. The cells respond to hyposmotic 

solutions by swelling and this can be induced with the addition of Milli-Q water to the cell suspension. 

Different hyposmotic solutions were tested for the Jurkat cells by collecting a sample from growing 

suspensions in T-75 flasks. The sample was added to a T-25 flask and placed under the microscope 

Axiovert 40C from Zeiss. Pictures were taken of the cells using a Canon PowerShot A640. After 

collecting images of cells in suspension during isosmotic conditions, Milli-Q water was added to induce 

swelling of the cells. The cells were analyzed during 10 min and photographs were taken to see if any 

changes were detectable.  

 

Experiment 

The ISM equipment was installed in the bioreactor prototype 1 and the whole setup was autoclaved. The 

assembly was prepared as described in experimental setup, see paragraph 4.1. A volume of 250 mL 

media and cells were added to the bioreactor and transferred to the incubator. The cells were left to grow 

in the incubator at 37 °C and 5% CO2 for 3 hours before the hyposmotic shock was induced. This was 

done to let the cells adapt to the new environment in the bioreactor and obtain their normal cell size. All 

the connection were made and the program started. After evaluation of the test results with adding 

hyposmotic solution to the cell suspension it was decided that 250 mL of Milli-Q water should be added 

to the bioreactor to induce the osmotic shock. The first cycle were taken of the cell suspension before 

addition of Milli-Q to get a baseline of images with normal cells in isotonic solution. At the beginning 

of cycle 2, a volume of 250 mL of Milli-Q water was added quickly during less than 5 s. The image 

acquisition cycle was setup as following: 

 

Acquisition cycle experiment 3:  

Number of cycles: 10 

Time between cycles: 2 min 

Images per cycle: 160 

Time between images: 0.6 s 

 

The experiment was conducted during 20 min and reference controls of the osmotic shock was taken 

and analyzed with a freezing point osmometer. 
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4.6 Experiment 4: hyperosmotic shock 
Testing and preparation 

The first goal of experiment 4 was to decide on which salt solution that could be used to create a 

hypertonic solution and induce a hyperosmotic shock for the cells. Since NaCl is a common salt in the 

body and the main salt concentration in the RPMI-1640 media, this was used to induce the osmotic 

shock. 

 

Several salt solutions were made with different concentrations to test how cells would react to the 

osmotic shift. Samples of 1 mL cell suspension were added in different wells of a 24 well polystyrene 

sterile plate from Costar and different amounts of varying concentration of salt solutions was added 

while the cells were analyzed visually using the microscope Axiovert 40C from Zeiss. The goal was to 

find a concentration that would not damage the cell membrane but still make cells shrink to a 

significantly smaller size detectable by the In Situ Microscope. When experimenting with 1 mL samples 

it was shown that addition of 100 µl of a 1 M NaCl solution was sufficient to achieve a shrinking effect 

without damaging the cells. It was also noted that the cells reached a minimal size after 30 seconds of 

induced osmotic shift and seemed to increase in size after a couple of minutes. Therefore, the experiment 

was setup as described below. 

 

Experiment 

The design of the experiment was decided based on the result from the testing. The ISM was assembled 

with the Bioreactor prototype and the whole setup autoclaved. The assembly was connected as described 

in experimental setup (see paragraph 4.1). A volume of 250 mL of cell suspension was added in the 

bioreactor and the setup was placed in an incubator. The cells were left in the incubator for 4 hours 

before the hyperosmotic shock was induced. This was done to make the cells adjust to the new 

environment and obtain their normal cell size. All the connections were made and the program started. 

The image acquisition cycle was set as below. 

 

Acquisition cycle experiment 4a:  

Number of cycles: 6 

Time between cycles: 1 min 

Images per cycle: 90 

Time between images: 0.6 s 

The first cycles was acquired before the osmotic shock to make up the baseline of normal cell size. 

Before the next cycle started, a volume of 20 mL salt solution with a concentration of 1 M was added to 

the cells suspension. The images were obtained every minute for the first couple of minutes since the 

testing showed that the most dramatic morphological effects happen during the first minutes. The 

addition of salt solution, after the first cycle, took approximately 6 seconds. After 6 cycles were acquired 

during the hyperosmotic shock, another acquisition cycle was started with the settings shown for 

experiment 4b. The second image acquisition cycle was set in order to monitor the osmotic process for 

30 min. 

Acquisition cycle experiment 4b:  

Number of cycles: 6 

Time between cycles: 5 min 

Images per cycle: 150 

Time between images: 1.0 s 

The whole experiment was followed for a total of 36 min. 
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4.7 Experiment 5: Online monitoring of cultivation 
A new software was developed to give real-time online parameters of the cultivation. The goal was to 

obtain cell density and cell size distribution continuously with the used software without the extra data 

analysis step. The development was mostly done in the Graphic Analyzer software. The setup was done 

as described in experimental setup (paragraph 4.1). A new version of the In Situ Control was started and 

the setting were adjusted to obtain pictures of the Jurkat cells in defocused mode. An image acquisition 

cycle was obtained for the first 24 hours of cultivation to monitor the adjustment of the cells to the new 

environment. After 24 hours a second image acquisition cycle was set to monitor the cultivation over a 

longer period of time. The first cycle was set at shown below. 

Acquisition cycle experiment 5a:  

Number of cycles: 8 

Time between cycles:  180 min 

Images per cycle: 200 

Time between images:  1.0 s 

 

After the image acquisition cycle was set, the Graphic Analyzer was started. Once the parameters for 

analysis were set specifically for Jurkat cells, the Graphic Analyzer was started with the new option of 

Online Analysis. The ISE file created during the image acquisition cycle was uploaded from In Situ 

Control to the Graphic Analyzer and continuously updated for every finished cycle. The data was 

collected as a histogram of size distribution in chosen unit: cell diameter in μm, cell area in μm2 or 

amount of pixels per cell etc. The data also showed a calculated cell density, based on every single 

picture analyzed in one cycle, as a scatter plot and average cell density per cycle as a single value per 

cycle with a connecting line between cycles.  

Acquisition cycle experiment 5b:  

Number of cycles: 12 

Time between cycles:  240 min 

Images per cycle: 150 

Time between images:  1.0 s 

 

The cultivation was monitored continuously and on the last day of the experiment a hyperosmotic shock 

was induced before the last cycle was acquired. The shock was done like described in experiment 4, 

with the addition of 20 mL of 1M NaCl salt solution.  
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5. Results 
This chapter summarizes the results of the preparatory work and also the result from the five experiments 

conducted during the project.  

 

5.1 Bioreactor design and experimental setup 
The bioreactor constructed was a 500 mL plastic container with an integration port for the ISM-

equipment. The bioreactor had an air filter and a sampling tube at the top (Figure 13) and the stirring 

was done from the bottom with a magnetic stirrer specialized for mammalian cells. For cultivation of 

the Jurkat cells, the bioreactor was placed in an incubator at atmospheric pressure with 5% CO2 and a 

temperature of 37 °C. Cultivation of the Jurkat cells were done with batch mode, without adding fresh 

media to the cells, for all experiments. The bioreactor constructed proved to be sufficient to monitor 

Jurkat cell cultivation with the ISM and the cells were cultivated successfully in the bioreactor prototype 

1 with respect to sterility. The experiments were designed as described below. 

 Experiment 1: Monitor a Jurkat cell cultivation for 18 hours with the ISM 

 Experiment 2: Monitor a Jurkat cell cultivation for 144 hours with the ISM 

 Experiment 3: Analyze Jurkat cells during a hypotonic osmotic shock  

 Experiment 4: Analyze Jurkat cells during hypertonic osmotic shock 

 Experiment 5: Online Monitoring of Jurkat cells 

 

The results in experiment 1-4 were obtained with assembly done like described in experimental setup 

(see paragraph 4.1). The graphs and histograms of Figures 18-20 and 23-31 were made by obtaining 

images with the ISM equipment Type III XTF, adjusting settings and performing Image Acquisition 

cycles with In Situ Control, analyzing data with the Graphic Analyzer optimized for Jurkat cells and 

summarizing data with Microsoft Office Excel. For experiment 5 a new software was developed in order 

to monitor cultivation online without a data summarization step. The new software presented graphs and 

histograms on the computer screen during image acquisition cycles.   

 

5.2 Cultivation of Jurkat cells 
The Jurkat cells were cultivated without any complications. The cultivation protocol was followed 

(Appendix II) and cell media exchanged every two days for maintaining a healthy cell culture. By 

looking at the morphology of the cells it could be seen that the Jurkat cells appear with a variety of cell 

surface structures (Figure 6). Some cells are much larger than the average cells and the cells also have 

a tendency to grow in cluster and develop microvilli which have been seen during cultivation. The 

information given previously about the Jurkat cells show that the doubling time is approximately 48 

hours (for cultivation protocol see Appendix II). However, the Jurkat cells used in this study showed a 

much quicker doubling time, sometimes the doubling time would be 24 hours.  
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5.3 Experiment 1: 18 hour cultivation 
The images collected from the ISM experiment was analyzed with the software Graphic Analyzer and 

the data was analyzed using Microsoft Office excel. Through manual image analysis the conclusion 

could be made that the cells occur mostly as single cells in the bioreactor prototype 1 and not in clusters 

as they usually do when growing in T-75 flasks. The first experiment was conducted during 18 hours of 

cultivation which was followed by analyzing images with the Graphic Analyzer software and measuring 

the cell diameter during defocused mode (Figure 14). The results from the histogram given in Figure 15 

show the distribution of cells with different diameters as relative frequencies during continuous 

cultivation. The X-axis show categories of diameters with a 1 µm range, which means that for example 

bars appearing in category 6 µm include counted objects with a cell diameter above 6 and below 7 µm. 

The different series represent different image acquisition cycles taken at different cultivation times and 

the Y-axis represents the percentage of total amount of cells in one cycle appearing in given category. 

This tends to give a normal distribution histogram of the cell sizes.   

 
Figure 15. Normalized histogram of cell size distribution of Jurkat cells during 18 hours of cultivation.  

 

From the result of experiment 1 (Figure 15) it can also be seen that the amount of cells with a diameter 

of 5 µm is higher at the beginning of cultivation. The amount of cells within this diameter starts at 6% 

the first hour of cultivation and decreases to 2% after 5 hours. A similar trend can be detected for the 

percentage of cells at 6 µm. In this case, however, the number of cells with a diameter of 6 µm is 

approximately 10% for the first 5 hours of cultivation and after 9 hours and onwards the percentage of 

cells at this diameter has decreased to about 5%. The same trend is also detected at the diameter of 7 µm 

where the number of cells starts at 30% and ends with 18% after 18 hours of cultivation. This means 

that the cells are smaller at the beginning of cultivation and increase in size with time.  

The results also show that the larger cells increase over time (Figure 15). This can be seen when 

analyzing the bars for 9, 10 and 11 µm. The number of cells with a diameter of 9 µm starts with 14% 

and increases to 25% after 18 hours. The same escalating trend can be seen for cell diameters of 10 to 

11 µm. The most common cell diameter seems to be at 8 µm, since the bars are at their highest percentage 

at this point, reaching just over 35% for the cultivation time of 13 hours. Some of the Jurkat cells are 

significantly larger than the average cells which can be seen in Figure 18 where a couple of bars appear 

in the 12-14 µm diameter area. 
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An analysis was also made of the number of cells counted per cycle (Figure 16). The X-axis represents 

different cycles taken at varying cultivation times and the Y-axis gives a total object count per cycle. 

The results of this analysis show that the number cells are increasing between image acquisition cycles 

taken at different times. For the first cycle of images the total number of objects detected as cells were 

511 for 250 pictures. This number increased steadily during cultivation reaching a total of 797 objects 

counted for the images obtained the last cycle which was after 18 hours of cultivation. The conclusion 

was made that the total amount of cells increases with continuous cultivation for the first 18 hours which 

could be followed with the ISM equipment. 

 

 
Figure 16. Number of objects counted for images obtained during different cultivation times.  

 

Images were also obtained in focused mode to evaluate the morphological information that could be 

obtainable by visual analysis. Analysis of these images (left image of Figure 14) gave information about 

the cell surface. The typical microvilli on the surface of the T lymphocytic Jurkat cells could be detected 

and also the cell membrane tension. The surface of T lymphocyte cells range from almost smooth to 

rugged with several microvilli extensions (Figure 6). This morphology could be detected using the ISM 

equipment with rugged cells reflecting less light than smooth surface cells.  

 

5.4 Experiment 2: 144 hour cultivation 
The data from experiment 2 (Figure 17) can be seen as a histogram of size distribution of cells during 

cultivation. The bars give the percentage of cells with a specific diameter during different image 

acquisition cycles. The bars are compared for each diameter to see if the amount of cells in that range 

increased or decreased over time. At the beginning of cultivation (see bars for 0 hour in Figure 17) most 

of the cells have a shorter diameter compared to cycles obtained at 12 hours and onwards. At the 

beginning, almost 50% of the cells are at a diameter of 6 µm, 38% at 7 µm followed by 22% at 5 µm 

(Table 1). However, after 12 hours the cells have increased in size which can be seen since the bars at 

5-6 µm decreased from 22% to 1% and 49% to 12% respectively (Table 1). The result of diameter 

distribution in the first 24 hours of cultivation show that smaller cells decrease but also that larger cells, 

8-9 µm, increase (Table 1). The most frequently occurring diameter overall was at 8 µm since the 

distribution of all cycles obtained reaches a top at this point with similar characteristics as a standard 

normal distribution curve with the highest percentage obtained at 48-72 hours when the bars reached 

approximately 35% (Figure 17). 
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At the end of cultivation from 108 hours to 132 hours the results are reversed, with the amount of small 

cells increasing while the number of larger cells decrease (Table 2). Also, cells that have a diameter of 

5 µm are no longer present after 24 hour of cultivation but at 96 hours cells reappear in that range (Figure 

17).   

 
Figure 17. Normalized histogram of cell size distribution of Jurkat cells during 132 hours of cultivation.  

Table 1: Size distribution in beginning of cultivation 0-24 hours 

Cell Diameter [µm] 0 hour [%] 12 hours [%] 24 hours [%] 

5 22 1 0 

6 49 12 4 

7 22 38 17 

8 6 30 32 

9 1 14 22 

10 3 14 13 

 

Table 2: Size distribution at the end of cultivation 108-132 hours 

Cell Diameter [µm] 108 hours [%] 120 hours[%] 132 hours[%] 

5 1 3 8 

6 15 22 25 

7 25 27 29 

8 31 25 22 

9 16 14 9 

10 6 6 4 

 

The data was also analyzed for cell density during cultivation (Figure 18). This value was given from 

the Graphic analyzer and calculated with the software based on setting of parameters such as 

measurement zone height, pixel length [µm] and pixel size of the picture obtained and analyzed. The 

results from this analysis show that cell density increased during continuous cultivation. The cell density 

was calculated by the software for every image obtained and depends on the number of cells in each 

image. Given this data, a mean cell density was calculated by calculating the average cell density for 

each cycle of 250 pictures. The results show that the ISM measurements followed cell density compared 

with counting cells on a hemocytometer. However, the ISM data gave slightly higher values of the cell 

density (Figure 18).  

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

5 6 7 8 9 10 11 12 13 14

A
m

o
u

n
t 

o
f 

ce
ll

s 

Cell Diameter [µm]

Size distribution of Jurkat cells 0-132 hours
0 hour

12 hours

24 hours

36 hours

48 hours

60 hours

72 hours

84 hours

96 hours

108 hours

120 hours

132 hours



 

25 
 

 

Figure 18. Growth curve of Jurkat cells during 132 hours of cultivation. ISM measurement conducted with the 

equipment ISM Type III XTF, data obtained from Graphic Analyzer and results analyzed using Microsoft Office 

excel. Hemocytometer measurement was made by counting cells using trypan blue staining and Bürker 

hemocytometer. 

Reference control 

The reference control was made with Trypan blue staining and cells counted on a Bürker 

hemocytometer. From these results it was evident that cell viability decreased significantly after 72 

hours. Since the cultivation mode was batch it means that no fresh media was added to the cell 

suspension during cultivation. The viability at 72 hours of cultivation was calculated to just below 95 % 

and continuously decreasing to 65 % at 144 hours of cultivation.  

 

 

5.5 Experiment 3: hyposmotic shock 
Experiment 3 was conducted for 20 minutes during a hyposmotic shock induced by addition of Milli-Q 

water to the cell suspension. The aim was to monitor the process of cell swelling due to changes in the 

osmotic pressure of the cell solution. The osmotic shock was induced at the beginning of cycle 2 which 

is just before images obtained at 2-4 minutes from the start of image acquisition cycle. The results are 

shown in Figure 19 as a normalized histogram of the percentage of cells in different ranges of cell 

density. The different series represent different cycles and times after the shock. From the results given 

in Figure 19 it can be seen that the largest proportion of cells at the beginning of cultivation appear with 

a diameter of 7-8 µm from 0-4 minutes. Around 37 % of the cells before 4 minutes of cultivation appear 

in the category of 7 µm. After 4 minutes it can be seen that the amount cells in this category abruptly 

diminishes. The largest proportion of cells appears at the category of 10 µm during 6-12 minutes of 

cultivation. Also, at the 8 µm category the amount of cells decreases significantly from 35% to 8 % after 

6 minutes of cultivation which corresponds to 5 minutes after the hyposmotic shock (Figure 19). 
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Figure 19. Normalized histogram of cell size distribution of Jurkat cells during a hyposmotic shock.  Experiment 

conducted for 20 minutes and osmotic shock induced just before 2-4 min of cultivation. 

It can also be seen that from 6-8 minutes of cultivation time the amount of larger cells increase compared 

to the beginning of cultivation (Table 3). This increasing trend is noticeable in categories ranging from 

10-13 µm with bars increasing from 0% in cycle time 2-4 minutes to 32, 17, 9 and 8% respectively in 

cycle 6-8 minutes. At the same time the amount of smaller cells ranging from 5 to 8 µm decreases from 

19 to 1, 12 to 7, 36 to 4 and 19 to 8% respectively comparing cultivation at the start of osmotic shock 

2-4 minutes and 5 minutes after the shock in 6-8 minutes (Table 3).      

 

Table 3: Size distribution during hyposmotic shock 

Cell Diameter [µm] 2-4 min [%] 4-6 min [%] 6-8 min [%] 

5 19 3 1 

6 12 9 7 

7 36 11 4 

8 19 35 8 

9 14 23 13 

10 0 9 32 

11 0 4 17 

12 0 4 9 

13 0 2 8 

 

By analyzing the results of average cell density during the hyposmotic shock it can be seen that the 

greatest influence on the cell size appeared during 2-8 minutes of cultivation (Figure 20). The cells were 

at normal size for the first 0-2 minutes, water was added slightly before 2 minutes and the cells increased 

in size starting from 2 minutes and reaching a top of 9.4 µm at 6-8 minutes which corresponds to 5 

minutes after addition of Milli-Q water. After 8 minutes the cells slightly decrease in size and seem to 

even out close to 8.5 µm reaching a plateau.  
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Figure 20. Average cell diameter during hyposmotic shock. Image acquisition cycles obtained every second 

minute.  

By comparing the average cell density between 2 and 8 minutes the results show that the greatest 

increase in cell size occurred at 6-8 minutes which corresponds to 5 minutes after addition of water 

(Figure 20).  

Reference control 

The osmotic shock induced was measured with a freezing point osmometer and the osmotic pressure 

before addition of Milli-Q was 476 mOsm/kg H2O. After addition of water the osmotic pressure was 

lowered to 240 mOsm/kg H2O. This is equivalent to a hyposmotic shock of 236 mOsm/kg H2O. 

 

5.6 Experiment 4: hyperosmotic shock 
Experiment 4 was done by starting a new cultivation of Jurkat cells in the bioreactor prototype 1 

assembled with the ISM equipment (experimental setup, paragraph 4.1) and inducing a hyperosmotic 

shock using a salt solution of NaCl. The experiment was monitored for a total of 36 minutes and the 

hyperosmotic shock was induced after 1 minute which corresponds to the beginning of image acquisition 

cycle 2. For the first 5 minutes after induced shock the cycles were obtained every minute and after a 

total of 6 minutes the cycles were obtained every sixth minute.  

The results during the hyperosmotic shock from the first 5 minutes are shown in Figure 21. The analysis 

was based on relative frequencies of different cell sizes of the Jurkat cells within different acquisition 

cycles. At the start of cultivation the highest frequency of cells can be seen at 8 µm, with 40 % of the 

cells during 0-2 minutes (Figure 21). The first minute after the hyperosmotic shock was induced, 1-2 

minutes, the frequency of cell sizes were approximately the same as before the shock. A slight difference 

can be noticed in decreasing percentage of cells at 10 µm and 7 µm and also increasing percentages of 

cells at 8 µm with comparison to 0-1 minute (Figure 21). At 3-4 minutes of cultivation time, the number 

of cells at 8 µm abruptly diminishes from 35 % to 6 % at the same time as cells of sizes 6-7 µm greatly 

increases. The smallest cells with an approximate diameter of 5 µm increases in frequency after 4-5 

minutes from 4% to 14% and also cells with a diameter of 8-10 µm seem to increase after 4-5 minutes.  
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Figure 21. Normalized histogram of cell size distribution of Jurkat cells during hyperosmotic shock. Experiment 

monitored for 6 minutes, shock induced after 1 minute of cultivation. 

After acquisition cycles obtained every minute for the first 6 minutes, another image acquisition cycle 

was made by monitoring cultivation for 30 minutes more. The results are given in Figure 22. From this 

analysis the results show that there was no extreme differences in relative frequencies of different cell 

sizes during following 30 minutes. The largest difference can be detected in the 7 µm category with cell 

frequencies decreasing from 52 % to 35% for 6-11 minutes and 11-16 minutes respectively (Figure 22). 

It can also be detected that the percentage of cells at size 7 µm increased during 21-16 minutes and at 

size 8 µm at 26-31 minutes.  

 

 

Figure 22. Normalized histogram of cell size distribution of Jurkat cells during hyperosmotic shock between 6 

and 36 minutes of cultivation. Osmotic shock induced after 1 minute from cultivation start. 
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The average cell size per cycles was also calculated. From the graph shown at Figure 23 it was possible 

to follow how the average cell diameter changed during the hyperosmotic shock. The data from the first 

minute is based on images of normal cells and the hyperosmotic shock was induced after 1 minute. The 

average cell size was constant at 7.2 µm for the first 2 minutes but decreases slightly too almost 7 µm 

after 2-3 minutes of cultivation time (Figure 23). After 3 minutes the average cell size abruptly decreases 

to near 6.2 µm and the diameter reaches a plateau around this value for following 3 minutes (Figure 23). 

There was a slight increase in equality diameter of the average cells from approximately 6.4 µm at 11-

16 minutes to near 6.7 µm after 16-21 minutes and after 21 minutes the graph evens out around 6.6 to 

6.7 µm (Figure 23).  

  

 

Figure 23. Average cell size of Jurkat cells during hyperosmotic shock between 0-36 minutes with induced shock 

at 1 minute.  

The largest drop in average cell size appears between 2-3 minutes to 3-4 minutes (Figure 23). After 

reaching a lowest point of around 6.2 µm, the cells appear to increase in diameter starting from 5-6 

minutes. The starting point begins at 7.2 µm and finishes at 6.7 in the end of the experiment (Figure 23).  

 

Reference control 

The osmotic effect induced was measured with a freezing point osmometer. Before the salt solution was 

added to the cell suspension the osmotic pressure was measured to 300 mOsm/kg H2O. The salt solution 

was made with a molar concentration of 1M NaCl which corresponds to a concentration of 58.4 g/L of 

salt. The salt solution had an osmotic pressure of 1657 mOsm/kg H2O. 
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5.7 Experiment 5: online monitoring  
For experiment 5 a new software was developed. This software was designed to make online monitoring 

of the Jurkat cell cultivation possible. Most of the reprogramming was done in the Graphic Analyzer in 

order to make the program show real-time parameters. The data was collected after each image 

acquisition cycle and was shown on the computer screen as graphs of cell concentration, cell count per 

image, histogram of cell size distribution and also two tables of data.   

5.7.1 Online monitoring of Jurkat cell cultivation 0-21 hours  
The ISM equipment was assembled as described in experimental setup, paragraph 4.1. The start of the 

cultivation of Jurkat cells was monitored every third hour for the first 21 hours in order to see the cells 

adapting to the new environment in bioreactor prototype 1 placed in the incubator. The results of cell 

concentration calculated by the online analysis software was represented as a graph based on calculated 

average cell density (Figure 24). From the results of cell concentration for the first 21 hours it can be 

seen that the cells increase slightly over time (Figure 24). The cell density starts at 0,684x106 cells/mL 

and reaches up to 1.16x106 cells/mL after 21 hours.  

 

Figure 24. Online monitoring of Jurkat cells with ISM. Cultivation was monitored with a 3 hour interval for the 

first 24 hours. Green circles are calculated cell concentration for every image analyzed and the line connects the 

average cell concentration for each cycle. 

Data collected of cell size was represented as a histogram that showed equality diameter of different cell 

size (Figure 25). The series represent different cycles, the Y-axis give the number of cells counted in 

that specific size and the bucket center on the X-axis corresponds to a fixed diameter in µm based on 

equal distance of 42 buckets divided by the minimum and maximum value of cell sizes for each 

individual cycle. From the result in Figure 25 it may be concluded that the number of cells increase for 

the first 21 hours of cultivation, this can be seen since the bars of cycle number 8 are higher comparing 

to cycle number 1. Concerning the size of the cells, it is hard to draw conclusions regarding shift in cell 

diameter. However, it seem like the bars of larger cells from 8 to 12 µm increases more that bars of 

lower diameters (bright blue bars of Figure 25).  
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Figure 25. Histogram of equality diameter distribution of Jurkat cells comparing start of cultivation at cycle 

number 1 (red darker bars) to 24 hours later at cycle number 8 (bright blue bars). Data collected by online 

monitoring with the ISM.  

 

5.7.2 Online monitoring of Jurkat cell cultivation 23-71 hours  
A new image acquisition cycle was taken for the following hours from 23 hours of cultivation to 71 

hours. By comparison between calculations of cell density by counting cells on a hemocytometer with 

cell concentration given by the online analysis the conclusion was made that the settings for 

measurement zone height needed to be adjusted. The online analysis gave higher results of cell density 

than calculated by cell counting. The settings of the measurement zone was for the first 21 hours set to 

50 µm but with further analysis the measurement zone was calculated to be closer to 60 µm. This setting 

was changed in the Graphic Analyzer before online analysis was started. The experiment was started 

and data from image acquisition cycles obtained every fourth hour from 23 hours of total cultivation 

time to 71 hours.  

From Figure 26 the histogram of cell size distribution is shown with a cell count per cycle given on the 

Y-axis. The X-axis corresponds to a set bucket size, also cell diameter size in µm, of 1µm per bucket. 

Bars appearing between for example 9 and 10 correspond to a cell diameter size of above 9.0 to strictly 

below 10.0 (Figure 26). From this histogram it can be shown that the number of cells per cycle increase 

over time. The cycle starts at 21 hours of cultivation and 12 hours corresponds to 67 hours of cultivation 

time.  
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Figure 26.Online monitoring of Jurkat cell cultivation with ISM equipment. The bars represent the number of 

cells from each cycle that are in a diameter range of 1 µm. Cycle 1 corresponds to 23 hours of cultivation time, 

cycle 4-35 hours, cycle 6-43 hours, cycle 10-59 hours and cycle 12-67 hours. 

The cell concentration given by the ISM is shown below in Figure 27. From this graph it may be seen 

that cell concentration starts at 0.801x106 cells/mL for the start of image acquisition cycles and finishes 

at 2.908x106 cells/mL after a total of 71 hour cultivation time. A comparison was made between 

reference control of cell density using Trypan blue staining and cell counting on a hemocytometer with 

the data obtained from the online analysis with the ISM (Figure 27). From the graph in Figure 27 it can 

be seen that the cell density of the two different measurement methods are analogues with an exception 

of the last measurement point. At this point, 71 hours of cultivation time, a salt solution of 20 mL was 

added to the bioreactor in order to induce a hyperosmotic shock.  

 
Figure 27. Online monitoring of Jurkat cell cultivation with ISM (black dots) compared to cell counting by Trypan 

blue staining and hemocytometer (grey cross marks).  

A cycle that was acquired before the hyperosmotic shock was compared with a cycle obtained after the 

osmotic shock (Figure 28). The white bars of the histogram are obtained before the hyperosmotic shock 

and the pink bars after the shock. It may be seen that a shift occurred after the shock by comparing the 

height of bars at lower diameters of 4 to 7 µm (Figure 28).  
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Figure 28. Online monitoring of Jurkat cell cultivation using ISM. A hyperosmotic shock was induced before 

cycle 13. The histogram shows number of cells in specific diameter of range 1 µm. The white bars represents 

images taken before the hyperosmotic shock at 70 hours of cultivation time. Pink bars (left side of whole number 

tick marks) represents distribution of equality diameter 5 minutes after the hyperosmotic shock was induced.   

During the online analysis an infection course took place in the bioreactor prototype 1. As the final 

testing of the ISM and the online monitoring this infection was monitored and evaluated using the online 

analysis software. By visual analysis of the real-time cells flowing past the measurement zone it could 

be seen that the infection was spreading (Figure 29). This was noticed 70 hours after cultivation start 

and by tracing images taken during cycles before, it could be seen that for the cycle of 26 hours of 

cultivation, no infection was noticeable (Figure 29). After 58 hours there were some smaller white dots 

appearing on the images and after 62 hours the amount of small dots had increased (Figure 29). At 66 

hours and further on in cultivation time the smaller dots increased substantially leading to the conclusion 

that the dots represent an infection of living and reproducing cells.  

 

Figure 29. Online monitoring of Jurkat cell cultivation with images obtained with the ISM equipment. The images 

show an infection course. At 26 hours (upmost left corner) there are only Jurkat cells seen as bright circles. At 58 

and 62 hours of cultivation time there are some smaller object occurring in the images. After 66 hours there are 

several smaller object that increase over time up to 74 hours before the experiment was stopped.   
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6. Discussion 
This chapter includes a discussion over the results and the methods used in this project. The discussion 

will address the preparatory work and experiments conducted in a chronological order with some 

comparison and observations between them.  

 

Bioreactor design and experiment setup 

The first objective of the work was to construct a small scale bioreactor since there were no suitable 

bioreactors available on the market. The connection with the ISM probe was successfully done, 

however, there might have been some drawbacks with the bioreactor design. Since there was no 

available comparison of the fluidic patterns of the bioreactor prototype 1 with the ISM probe inserted, 

it was hard to know for sure that the cell suspension was stirred to a homogenous distribution. The 

magnetic stirrer used was specially designed for mammalian cells and adjusted to fit the bioreactor 

prototype 1. However, the stirring was only set to 40 RPM and was by visual analysis rather slow since 

mammalian cells are sensitive to shear stress. This could all lead to inhomogeneous cell suspension with 

possible cell density differences throughout the bioreactor. The sampling port of the bioreactor was 

constructed to obtain samples from the bottom of the bioreactor and the ISM probe was inserted at the 

top of 250 mL of cell suspension. This could affect the result of cell density given by the ISM compared 

to cell density counted manually with hemocytometer.  

 

Jurkat cells 

The Jurkat cells have a ranging set of surface morphologies which could have affected the results of the 

image processing. Since some cells have a rather smooth surface with much tension, these cells reflect 

light very well and were easily detected with the ISM. However, some cells tend to have a more rugged 

surface with several microvilli extending from the membrane which could influence the light reflected 

from the cells. This could possibly affect the results of cell size or cell density depending on whether 

the cell are ignored completely by the software or pixels are removed from the object being analyzed 

which would give a lower cell diameter. The light reflected from unhealthy cells at the end of longer 

cultivation times was severely diminished. Therefore, the analysis of unhealthy cells was a bit more 

challenging comparing to analysis of healthy light reflecting cells. The Jurkat cells also had a tendency 

to cluster more after longer cultivation times. This was probably due to malnutrition and depletion of 

the media. Similar cell clustering have been noticed before when cells undergo apoptosis (DeCoster et 

al. 2010). Cell clusters also induced an additional problem with image processing since borders of 

individual cells were more difficult to distinguish and connecting cells influenced the visible area of 

each individual cell. Furthermore, the clusters were probably three dimensional causing several different 

layers of cells that would be hidden from the camera and not part of the image processing analysis.    
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Experiment 1 

The results from experiment 1 could show a cell diameter distribution over 18 hours. However, the 

results of the diameter calculations are not absolute. In fact, the diameter analysis was based on images 

acquired in defocused mode rendering the borders of the cells to appear thicker than they actually were. 

This can be seen when comparing images taken during defocused mode with focused mode (Figure 14). 

Therefore, the actual real diameter needs to be calibrated and calculated before giving correct results. 

The normal cell diameter would probably be slightly larger for the Jurkat cells than the data value given 

from the Graphic Analyzer. The observed average sizes in diameter of Jurkat cells corresponds to 11.33 

± 1.34 µm (Lin et al. 2011). Since the reported value from Lin et al. 2011 was slightly higher compared 

to the most occurring cell diameter of 8 µm, the result obtained from the Graphic Analyzer might need 

a calibration factor around +3 µm. However, this needs to be more carefully calculated to obtain accurate 

results. Nevertheless, the ISM measurements still give enough information about cell diameter to draw 

conclusions regarding relative change of the cells over time which is an important factor to measure. 

Experiment 2 

The results in experiment 2 were based on a longer set of cultivation time in order to evaluate the 

possibility of the ISM equipment to monitor a continuous cell cultivation. Experiment 2 was conducted 

for 144 hours, which corresponds to 6 days, but after 5 days the loss in viability was fairly high with 

only 62% viable cells analyzed with hemocytometer and Trypan blue staining. Since the cells did not 

reflect light as well after 5 days and also that the cells were forming clusters at this point the analysis 

made in excel was only based on data up to 132 hours. When cultivating the Jurkat cells, it was 

recommended that the cultivation media should be changed every second day. Since this was not done 

during experiment 2 the expected result would be a decrease in viability after at least two days of 

cultivation. The results from this experiment showed that a decrease in viability occured after 72 hours. 

When the cells are unhealthier the results from the image processing software needs to be carefully 

evaluated to obtain an accurate cell density. This analysis depends on several factors. The first factor 

would be that the Graphic Analyzer software was unable to distinguish living cells from dead cells if 

the cells reflect the same amount of light during defocused mode. Some of the dead cells might have 

lost their tension and roundness which would make the cells loose the light reflecting ability. This 

reflecting ability could be lost when cell surface appeared more rugged. However, the rugged surface 

might not exist on all of the dead cells. Therefore, the cell density obtained from the Graphic Analyzer 

might vary from the actual cell density since a hemocytometer count can be based on living cells or both 

living and dead cells. The ISM probably calculates some of the dying cells but perhaps not all. The 

second factor influencing the cell density data could be nonsufficient stirring or position of the ISM 

probe causing inhomogeneous cell suspension throughout the bioreactor. Another interesting 

observation of experiment 2 was that the results from the beginning of cultivation showed that there 

were much larger amount of smaller cells comparing to the start of experiment 1. The amount of cells 

at 6 µm started at 50% at the beginning of experiment 2 compared to the start of below 10% for 

experiment 1. This was probably due to some shock induced when the cells were transferred from T-75 

cultivation flasks to the bioreactor. The shock could have been induced when the cells were added to 

the bioreactor due to mechanical stress of environmental stress. One possible explanation could be that 

the media added to the bioreactor before inoculation might not have been adjusted to the right pH or 

temperature before adding the cells. Based on the fact that the same vial was used for both experiment 

and the cells had been subcultured several times; the age of the cells could also influence the condition 

of the cells.       
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Experiment 3 

The results of experiment 3 were based on an induced hyposmotic shock using addition of Milli-Q water. 

Previous research showed that the Jurkat cells respond well to hyposmotic shock by swelling and by 

increasing the cell size. A whole cell patch-clamp study with T cells exposed to hyposmotic pipette 

solutions showed that cells initially swell but return to normal volume over a period of 5 to 10 minutes 

(Ross et al. 1994). Since experiment 3 was based on inducing an osmotic shift in the cell suspension and 

not by hyposmotic pipette solutions the return to normal cell size might be influenced by the surrounding 

environment. Furthermore, other experiments concluded that T lymphocyte cells swell at a time constant 

of around 1.40 minutes but the regulation process of retaining the normal cell size depended on specific 

ion channels (Deutsch and Chen 1993). However, the shock induced in experiment 3 took slightly longer 

time to reach a maximum swelling with a highest value of cell diameter reached after 4 minutes. The 

delayed response in osmotic shock can be explained by a temperature drop induced by the addition of 

Milli-Q water. The water was not preheated before addition to the bioreactor and since 250 mL of room 

tempered water was added to 250 mL of a 37 °C cell suspension the temperature in the bioreactor and 

growing cells could be affected.  

There are several channels involved in cell volume regulation and a specific isoform of the K+ channel 

plays an important role in cell volume decrease for T lymphocytes in response to hyposmotic shock 

(Deutsch and Chen 1993). In other words, the cells ability to regain their normal cell size after a 

hyposmotic shock might be depending on the specific ion channels existing on the cell surface or on the 

fact that the ions present in the solution still influenced the cells and the effectiveness of cell volume 

regulation. The results from experiment 3 show that the cells were unable to regain the normal resting 

cell diameter and the factors mentioned above could be part of the explanation. Furthermore, the 

microvilli present on the surface of the Jurkat cells provide a protection of the mechanical stress induced 

on the cell membrane during an osmotic shift. The microvilli of T lymphocytes give the cells an ability 

to withstand further osmotic pressure since some of the stretching can be executed on the extensions 

instead of the membrane (Ross et al. 1994). The lymphocyte volume regulation may be necessary for 

proliferation and also for maintaining an effective immune response (Deutsch and Chen 1993).  

 

Experiment 4 

During the fourth experiment salt solution of NaCl was added to the cell suspension in order to induce 

a hyperosmotic shock. At this point the freezing point osmometer was unavailable for analysis but after 

the experiment was done, the osmotic pressure of the salt solution could be measured. The salt solution 

was measured to have an osmotic pressure of approximately 1600 mOsm/kg H2O and the cell suspension 

had an osmotic pressure of approximately 300 mOsm/kg H2O. The amount of salt solution to be added 

to the cell suspension was calculated by testing and visual analysis of cells shrinking. In order to make 

the experiment work it was important not to make the cells undergo apoptosis or shrink to the extent of 

not being noticeable in the image processing software. The cells still needed to reflect light well while 

still undergoing a significant cell shrinkage. Apoptosis could be induced by changing the osmotic 

pressure at least 500 mOsm (Lang, Ritter et al. 2000). However, the cells regulatory capacity could 

change the value of the osmotic shift. Based on image analysis of the cell shrinkage; the volume of salt 

solution addition was decided. Even if the osmotic shift induced in experiment 4 did not have as large 

effect on cell diameter size compared to the osmotic shift induced at experiment 3 the ISM could still 

detect this change very well.  
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The reason for the differences between cell diameter changes in the two experiment was probably due 

to the fact that the osmotic shock was bigger in the first experiment and also that Jurkat cells respond 

well to cell swelling due to the extra microvilli extending from cell surfaces. These microvilli give the 

cells additional stretch ability noticed in the hyposmotic shock. Furthermore, the induced hyperosmotic 

shock reached a minimum cell density size after 2 of added salt solution. This could be affected by the 

time it took for the cell suspension to become homogenous with the salt solution. The time for adding 

20 mL of salt solution was approximately 6 seconds and since the solution was added through the 

sampling port, with an opening at the bottom of the bioreactor, this could further delay the process of 

obtaining a homogenous solution of salt and cell suspension.   

 

Experiment 5 

The last experiment was conducted with a newly developed software based on previous results done in 

experiments 1-4 of this project. The software was designed to monitor a cultivation in real-time with 

online analysis of the cultivation process. This addition to the ISM equipment proved to be a very 

successful monitoring system that gave accurate results. After evaluating the calibration of the 

measurement zone and adjusting the setting, the data from the online analysis corresponded well to the 

cell density calculated by hemocytometer. The histogram of cell size distribution shown at online 

analysis was adjustable rendering the analysis adaptable for specific needs. Different histograms of 

individual acquisition cycles could be compared or all the cycles could be shown for an overview of the 

cultivation process. As a result, the online analysis could be adapted for specific needs and monitoring 

of different process studies.  

During experiment 5 an opportunity emerged to evaluate the ISM ability to detect an infection course 

during online analysis. The infection happened spontaneously during the last night of the final 

experiment and was captured on image acquisition cycles taken continuously with online image 

analysis. Due to the online monitoring it was possible to trace the infection course and find the starting 

point of the infection. This is truly a valuable qualification of the ISM since existing probes for online 

monitoring rarely detect contamination courses. Furthermore, using manual analysis of cell suspension 

with Trypan blue staining would probably not be enough to notice the infection course either. A sample 

was taken, colored with Trypan blue and analyzed under the microscope but the cells causing the 

infection were too small to notice. Also the Trypan blue can sometimes crystallize and give small dark 

dots on the hemocytometer. The cells causing the infection could easily be mistaken for crystals of the 

Trypan blue. The visual analysis obtainable with the inserted ISM probe was the only certain proof of 

the infection occurring. The infection probably occurred during a sample obtained for cell counting or 

possibly from the start of cultivation when the bioreactor was inoculated. It could have taken some time 

for the infection to spread and give enough visible objects noticed in the ISM images that would not be 

mistaken for cell debris of the Jurkat cells. Whichever the reason, the ISM still proved to be a powerful 

tool for detecting the infection. 
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7. Conclusion 
The feasibility study conducted on the ISM proved that the equipment was a successful tool for 

monitoring bioreactor cultivation of Jurkat cells. The ISM could obtain accurate results of cell density 

counts after thorough calibration of the measurement zone settings. The cell size distribution could also 

be continuously monitored in the Jurkat cell cultivation. The distribution indicated how the cells adapted 

to the culture environment and the state of the cell suspension. Osmotic shifts induced in the culture 

gave valuable information about the ability of the ISM to detect changes in cell size caused by external 

media factors. The ISM successfully recorded swelling and shrinkage of the Jurkat cells from cell 

diameter values. The online analysis software, specially developed for the Jurkat cells, provided accurate 

and sensitive online data. The software also had the capacity to quickly recognize an infection in the 

bioreactor. When the infection escalated in the Jurkat culture the software could trace its start thanks to 

continuous image acquisition. 

 

The impact of this study would presumably be substantial. The feasibility study showed that the ISM 

equipment and software performed quite well in monitoring the growth of the Jurkat cells, characterizing 

important parameters of the cell and detecting contamination in the bioreactor culture. Since this have 

not been done previously on Jurkat cells, this study gives important information and validation of the 

accuracy of the ISM. Consequently, the ISM with its imaging software has the potential to give cell 

therapy research and industrial control systems an opportunity to improve today´s existing monitoring 

equipment with the addition of online visualization of the cells in situ. The ISM has a great usability and 

the opportunity to be developed further with more advanced image processing. Future work would be 

to develop more image processing algorithms in order to obtain data from cells in focus mode as well. 

This would lead to a more accurate cell diameter result and also online visualization of cell surface 

morphology. 
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1. Introduction 
In Situ Microscope type III XTF 

The In-situ microscopy is an online process monitoring tool that can be inserted into a bioreactor to 

follow cell cultivation or processes. The microscope is installed in a bioreactor using a 25 mm standard 

Ingold port. The microscope has a flow-through sampling zone that is adjustable during cultivation 

which gives the capability to change sampling volume depending on process conditions.  

 

The microscope is consisted of 2 segments, the upper segment and the lower segment (see figure 1). The 

lower segment is made up of the objective tube, an outer tube and an inner tube. At the end of the inner 

tube there is a sapphire window which is a part of the sampling zone and the position of the inner tube 

decides the size of the sampling zone. On the other side of the sampling zone there is another sapphire 

window with a LED-light behind.  The LED is emitting light of 505 nm since the CCD camera, Sony 

XCD SX-910 1/200: interface IEEE 1394, has a maximum spectral sensitivity in this range. Different 

magnification objectives can be used depending on situation, 4x or 10x, and the CCD camera has a 

maximum resolution of 1280x960 pixels. The lower segment (see figure 1) is detachable from the upper 

segment and can be sterilized separately. Otherwise, part 6 (see figure 2) is mounted in a stirred tank 

bioreactor with the 25mm standard Ingold port and can be sterilized in place (SIP).  

 
Figure 1. Picture of the ISM microscope Type III XTF manufactured by Sartorius Stedim Biotech (Göttingen, 

Germany).  

 

 
Figure 2. The ISM type III XTF obtained from Institut für Technische Chemie, Leibniz Universität Hannover  
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The In Situ Micrsoscope should, when not used, be stored with the upper and lower segment detached. 

The protective cap should be mounted on the inner tube of the lower segment and the objective tip on 

the upper segment should be protected to prevent scratches on the lens (see figure 3). There should also 

be a protective cap on the LED power supply. 

 

 

 
Figure 3. To the left: The lower segment with inner tube and outer tube separated. Points A are sapphire 

windows, point B are O-rings and point C is the plug that connects with the protective cap. The arrow is the 

protective cap of the LED light. To the right: The protective cap of the inner tube that connects with the lower 

segment. 
 

2.  Preparations 
Before the instrument is used it needs to be properly cleaned. The most important parts to clean are the 

two sapphire windows in the measurement zone and the objective used for the study. The sapphire 

windows can be cleaned with kleenex tissues and ethanol and the objective window must be cleaned 

with special lens cleaning tissues from Whatman. 

 

1. Remove the protective cap of the outer tube, leave the plug in the inner tube. 

2. Gently draw out the inner tube from the outer tube and clean the inner tube with kleenex and 

ethanol. 

3. For the sapphire window on the inner tube, take a kleenex tissue sprayed with ethanol and strike 

the sapphire window in a two-way motion, up and down. Make sure that the tissue did not have 

contact with anything before cleaning (fingers, surfaces, dirt, dust etc.). 

4. To clean the outer tube, take a longer piece of paper towel and twist it while making a long and 

narrow paper bar. Spray it with ethanol and push it through the outer tube till it reaches the 

LED-light and sapphire window. Reach it and pull it through the outer tube. 

5. To clean the sapphire window near the LED light on the outer tube, take a kleenex tissue and 

spray with ethanol. Clean the sapphire window in a two-way motion. 

6. Before putting the inner tube back in the outer tube, take a small amount of glycerin using a 

single use syringe and lubricate the two O-rings on the tip of the inner tube (see figure 3). 

7. To clean the objective lens, take a lens cleaning tissue from Whatman. Be careful not to touch 

the part that will be used to clean the lens. Spray the tissue with ethanol and carefully clean the 

lens with a two-way motion.  
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3. Assembly 
The upper segment with camera and objective tube needs to be carefully inserted in the inner tube of the 

lower segment.  

 

1. First the protective cap of the lower segment needs to be removed and the plug inside the inner 

tube too, leaving a hole for the objective tube. 

2. On the upper segment there are 4 screws that need to be loosened (see figure 4).   

3. Remove the protective cap on the LED-light power connection. 

4. Carefully insert the objective tube inside the inner tube. 

5. Before pushing all the way, make sure that the inner tube fits with the upper segment.  

6. To make the proper connection, the inner tube needs to be pushed into its right position before 

the outer tube can fit in place. To do this, gently draw out the inner tube approximately 50 mm 

from the outer tube (see figure 5). Make sure there is a clean slit before the outer tube is pushed 

into place (see figure 4). 

7. When the lower segment is attached to the upper segment, fasten the 4 screws. 

 

 
Figure 4. The upper segment of the ISM. Point A are screws that need to be fastened when the lower segment is 

attached. Screws are also on corresponding sides not visible in the picture. The arrows mark a slit to check if the 

inner tube is correctly set. The slit should show the inner tube without any score marks. 
 

 
Figure 5. The inner tube should be slightly pulled out from the outer tube before attachment, at least 50 mm. 
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4. Connections 
When the ISM is assembled, the power cords can be connected. The upper segment consist of the 

electronic parts of the ISM and contains the CCD-camera and the different ports for electronic 

connections. The upper part is controllable by computer since the stepper motors and power supplies 

are connected here. One of the stepper motor controls the size of the sampling zone, SPALT, and the 

other stepper motor moves the objective to change focus point, FOCUS.  

 

1. Connect the 2 USB cables to the computer being used, one for the camera and one for the 

stepper motors of the ISM. 

2. Connect the cord named FOCUS in the power outlet closest to the CCD camera (marking 

TCI). This controls the movement of the objective. 

3. Connect the cord named SPALT in the other power outlet. This controls the size of the 

measurement zone. 

4. Connect the LED-light cord carefully, making sure it is connected in the right way (look at the 

buldges on the inside of the LED power cord). 

5. Connect two cords to the CCD camera, one for power and one connected to the computer. 

6. After the connections to the ISM are made, plug in the power of the two connections into 

power outlets. 

 

 

5. In Situ Control program 
For On-line control of the microscope during cultivation the program In Situ Control is used. This 

program gives the user control over variables like sampling zone volume, exposure time and 

illumination. When all the connections are made and the power is plugged in: 

 

1. Start the In Situ Control program. 

2. On Devices choose Connect Linear Stage and choose the right COM-port on the computer that 

corresponds to the USB-ports. 

3. On Devices choose Connect Camera. 

4. On the Linear Stage Control, put the LED intensity to maximum 255 ms. 

5. Change the exposure time so that the image is grey. This depends on the transparency of the 

media being analyzed but also on the size of the measurement zone. A larger zone means more 

volume in the chamber and darker images since the LED-light is on the opposite side of the tip 

of the inner tube. If the picture is correctly set and the media used is flowing past through the 

chamber then there should be visible objects on the images. These objects are found with 

changing the measurement zone volume and the focus point. 

 

 

6. Finding the focus point 
The next step is to find good settings for measurement zone volume and focus point. The objective tube 

moves inside the inner tube and the inner tube moves inside the outer tube. When the program is started, 

the existing measurement zone and the focus point, objective, is automatically set to 0. This value is 

based on the settings that was used last time the program was ended and is also affected by the mounting 

procedure. The movement can be changed by pressing the arrows or at the colored bars. The arrows give 

a smaller step and the bars give larger step. The step size can be changed in Extra and Settings. It is also 

possible to write a wanted number in Measurement zone and Objective. However, be careful when 

moving the measurement zone and the focus point. There is no control system that stops the stepper 

motors if the movement is set too large. The consequence is that the inner tube might collide with the 

objective tube if they are moved towards each other which will damage or destroy the equipment. If a 

large movement is accidently set, there is no chance of stopping the movement using the program, so 

the only solution is to pull out the power cords and start over. 
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1. To adjust the volume of the measurement zone, change the settings for Measurement zone. 

2. Going to the + direction will take the inner tube closer to the LED-light, making the 

measurement zone smaller. 

3. Going to the - direction will widen the measurement zone, making the volume bigger. 

4. Always make movement in one direction at the time since the stepper motors work more 

accurately tis way. If the zone needs to be smaller, press at least 5 times on the right arrow 

before making the zone bigger again. 

5. There is always a maximum movement which is set with Max: Number. If it is necessary to 

move further, the program can be restarted which will give existing size a value of 0. 

6. For changing the focus point, change settings for Objective. 

7. Going in + direction will take the objective closer to the inner tube sapphire window, taking 

the focus point closer to the LED-light.  

8. Going in – direction will pull the objective tube backwards toward the camera, taking the 

focus point further away from the LED-light. 

9. It is also possible to do an autofocus to find the focus point, this is done at Extras and 

Autofocus. It is possible to choose the start, end and step size of the focus and also to make a 

fine scan in the focus area. Be careful not to put in a too large scan size since the objective 

tube and inner tube can collide. 

 

To get good results for image analysis based on algorithms it is important that there is only one layer of 

cells, which means that if the cells are photographed in focus, all of the cells flowing past the chamber 

needs to be in the same focus field. The easiest analysis is done when cells reflect the light and appearing 

as bright objects with blurry edges. This will make cells different from the grey background and more 

easily detectable. 

 

7. Calculating the measurement zone 
To obtain the right calculations of cell density per volume, the measuring zone needs to be calibrated. 

Since the starting position of the inner tube is depending on the starting position, the measuring zone 

volume needs to be decided manually. This is done using the focus point. 

 

1. Decide on the measuring zone volume that gives good images. 

2. Using the focus point, find the back window closest to the LED-light. There should be some 

dots or dirt to find on the sapphire window. Note the value of the Objective position given by 

the In Situ Control program. 

3. Go backwards with the focus point, negative direction, past the objects in focus and to the next 

sapphire window on the inner tube. Note the value. 

4. The difference in values of the focus point will be equal to the length/depth of the 

measurement zone.  

5. If there is no dots or dirt on the sapphire window there is also a platinum thread that can be 

used for calibration of the measurement zone. This thread is 80 µm and can be used to 

calculate the size of the chamber.   

 

8. Setting an image acquisition cycle 
The program also gives the opportunity to decide the design of the specific experiment. This is done by 

setting parameters for the image acquisition cycle. This is done at Extras and Acquisition Cycle Settings. 

The parameters include number of cycles, cycle time, number of image per cycle and time between 

images rendering an automated experiment flow obtainable. The last parameter time between images 

has a quickest image speed of 0.6 seconds/image so the rest of the parameters is depending on this. The 

size of images that will be saved can be chosen in Extras and Settings. This can depend on the wanted 

size of the picture. For example, if dirt has stuck to the right side of a window it is possible to only save 

the left side for image analysis. Always remember to save the image acquisition cycle in a new folder at 

Choose Path for Images. There is also a possibility to change the measurement zone size between cycles. 
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This can be done if cells tend to cluster in the zone or stick to the sapphire windows. Opening up the 

chamber might flush out the cells. However, this action can influence the focus point of the next 

acquisition cycle so this needs to be carefully analyzed before setting the actions of the cycle pause. If 

it is possible and works for the experiment, click Nothing in the Action during acquisition pause. 

 

 

9. Graphic Analyzer 
To analyze the images obtained from the In-situ microscope a software analysis tool need to be used 

and different algorithms applied. The algorithms are specific for the objects in focus and are usually 

based on visibility factors that characterize the object in study.  

 

The Graphic Analyzer software have different parameters that can be optimized for specific 

experimental setups. The parameters include Binarization Threshold, Object Diameter Minimum, 

Maximum Compactness, Pixel Length and Measuring Zone Height. These parameters need to be 

carefully evaluated and optimized for each experiment. The software is based on a grey scale gradient 

algorithm that distinguishes cells from the media, makes a binary image based on grey scale and finally 

points out counted cells and their approximate size.  

 

1. In the Graphic Analyzer software choose Options and Analyze Single Image. 

2. Press on Files and upload a picture from the experiment being analyzed.  

3. Choose the picture in the list and press Run. 

4. There will be three pictures obtained. One pictures is the original, the other after binarization 

and the third is the result of objects analyzed. 

5. The binarization picture is good when the cells appear as dots separated from the background. 

If this is not the case, the binarization threshold needs to be adjusted. 

6. To decide the binarization threshold, click on Image at the top of the program and choose 

Histogram. This is a distribution of grey values with white values further to the right and 

black to the left. Choose a binarization threshold that is precisely above the normal 

distribution curve of the grey values if the object being analyzed appear as white against the 

grey background. 

7. It is also important that only the objects of interest are analyzed. Therefore, the object 

diameter minimum needs to be set so only the objects of interest is counted. 

8. Further distinguishing morphology can be the shape of objects which can be decided with 

Compactness. This is a value of roundness. The program uses the binarization image, finds an 

object of interest and includes the object in a virtual box. Depending on the shape of the 

created box the objects receives a compactness value. If the object is a perfect circle, the box 

will be a perfect square and the compactness value equal to 1. If the box is rectangular with 

two sides longer, the object is more oval and the value closer to 2. The more oval objects 

wider the box  higher value of compactness. 

9. The parameter setting for pixel length is always 0.52 µm for the 10-fold optics and needs to be 

calculated for the 4-fold optics. Calculations can be done with the platinum wire. 

10. The measuring zone height is the value that was calculated using the focus point of the two 

sapphire windows. 

11. Steps 1-8 needs to be repeated for several images to obtain accurate parameter setting. It is 

important to look in all different cycles of the experiment to assure consistent results. Make 

sure the program is only analyzing the objects of interest in every picture. 

 

When the Parameter settings are optimized with at least 25 images analyzed manually the whole 

experiment can be analyzed with chosen settings. This is done by clicking on Options and changing to 

Analyze Insitu Control Experiment, uploading the ISE. file to the Graphic Analyzer and pressing Run. 

The program will then give two tables with results. The tables can be saved as comma separated value 

files, CSV. This is done by clicking on one of the tables, press Data Window and Save to CSV. 

Thereafter, the data can be analyzed in for example excel.  
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Appendix II 

Cultivation protocol of Jurkat cells 

Background 

Karyotype: This is a pseudodiploid human cell line. The modal chromosome number is 46, occurring in 

74% with polyploidy at 5.3%. The karyotype is 46,XY,-2,-18,del(2) (p21p23),del(18) (p11.2). Most 

cells had normal X and Y chromosomes 

Derivation: The Jurkat cell line was established from the peripheral blood of a 14 year old boy by 

Schneider et al., and was originally designated JM. The E6-1 clone produces large amounts of IL-2 after 

stimulation with phorbol esters and either lectins or monoclonal antibodies against the T3 antigen 

 

STR Profile:  

Amelogenin: X,Y 

CSF1PO: 11,12 

D13S317: 8,12 

D16S539: 11 

D5S818: 9 

D7S820: 8,12 

THO1: 6,9.3 

TPOX: 8,10 

vWA: 18 

Population doubling time = 48 hours 

Cultivation protocol 

Unpacking and storage 

 Check all containers for leakage or breakage. 

 Remove the frozen cells from the dry ice packaging and immediately place the cells at a 

temperature below 130°C, preferably in liquid nitrogen vapour, until ready for use. 

Cell culture media 

 RPMI1640 Medium 

 Filtered L-glutamine 1% (ATCC; Catalog No. 30-2001) 

 FBS Foetal bovine serum 10% (ATCC; Catalog No. 30-2020) 

Handling Procedure for Frozen Cells 

To insure the highest level of viability, thaw the vial and initiate the culture as soon as possible upon 

receipt. If upon arrival, continued storage of the frozen culture is necessary, it should be stored in liquid 

nitrogen vapour phase and not at -70° C.  
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 Thaw the vial by gentle agitation in a 37°C water bath. Thawing should be rapid (approximately 

2 minutes). 

 

 Remove the vial from the water bath as soon as the contents are thawed, and decontaminate by 

dipping in or spraying with 70% ethanol. All of the operations from this point on should be 

carried out under strict aseptic condition 

 

 Transfer the vial contents to a centrifuge tube containing 9.0 mL complete culture medium and 

spin at approximately 125 x g for 5 to 7 minutes. 

 

 Re-suspend cell pellet in 1ml of complete culture media and perform a cell count 

 

 Adjust the media volume to obtain a cell density of 2-5x106 cell/ml and plate the cells into a T-

75 cell culture flask. 

 

 Incubate the culture at 37°C, 5% CO2 in air atmosphere  

 

Note: It is important to avoid excessive alkalinity of the medium during recovery of the cells. It 

is suggested that, prior to the addition of the vial contents, the complete growth medium be 

placed into the incubator for at least 15 minutes to allow the medium to reach its normal pH (7.0 

to 7.4). 

Sub-culturing procedure 

 Cultures should be maintained at a cell concentration between 1 x 105 and 1 X 106 viable 

cells/ml  

 Media renewal every 48-72 hours depending on cell density (every two days).  

 Do not allow the cell density to exceed 3 x 106 cells/ml prior to passage. 

 When passaging the cells the split density should be 1 x 106 viable cells/ml. 

 Spin the cell suspension at 125g for 6 minutes. 

 Flasks are seeded at 1 x 105 cells/ml (24ml in a T75 flask and 55ml in T175 flask – the 

medium can be added in the flask with conditioned complete media to make up the volume, 

but no more than 50%).  

Cryopreserving 

The cryopreservation media for the Jurkat cell line is complete growth medium supplemented with 

5% (v/v) DMSO.  

 

Control 

 The viability and cell size can be ascertained using the Vi-Cell.  

 Morphological changes should be observed using FACS analysis. 

 

Information given by Cell Therapy Catapult, London. 


