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Abstract 
 
This thesis proposes a novel original system for cell cultivation of adherent cells. The 
system addresses the standardization demands posed by the future trends to move to 
difficult-to-culture cells, offers repeatable high-content screening testing, and ensures 
the compatibility of data for future data mining for systems biology purposes. The 
proposed system is based on a standardized platform – the well plate, which allows for 
validation (for instance using fluorescence) with current systems and reduces market 
resistance towards novel platforms. 

The proposed system is analyzed firstly in the functional level and then in the 
component level. The key component is a functional lid that addresses each of the 
wells with individual stream of medium inflow and outflow. This enables individual 
environmental control in each of the wells. Due to predictable disturbances and 
experiment-specific demands, the system cannot ensure the environmental conditions 
in an open-loop. Therefore, a set of sensors has to be incorporated. There have been 
research efforts for sensor implementation directly into the wells. However, such a 
solution does not satisfy the standard well-plate requirement and more importantly, 
obstructs the observation area for microscopy/fluorescence studies. The author 
proposes a soft-sensing approach, where the sensors are placed into the microchannel 
network and thus, the well-plate remains fully untouched by the system. 

The main functions of the proposed system are heating, oxygenation and perfusion. 
Typical heating approaches include the hot air used by incubators or heating plates 
used during microscopy. Also here, the proposed system is inspired by nature, using 
the growth medium as the heat transport medium, which is a parallel to the blood 
circulation system. The oxygenation utilizes the superb permeability of 
poly(dimethylsiloxane), which is suggested as a suitable material for the functional lid. 
Two proposals of perfusion system approaches are suggested. 

The assessment of the proposed system brings up several challenging areas, which can 
be regarded as minor risks to the successful realization of the proposed cell cultivation 
system. They are solvable through optimization and re-design. However, there are also 
some major risks, which could lead to failure of the whole idea. These major risks 
include the suitability of the material, the heating demand versus the shear stress on 
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cells and the temperature homogeneity within a well. The thesis focuses on these 
major risks and assesses them using literature surveys and wet-lab experiments. 

A test bench based on a standardized 12-well plate equipped with 9 temperature 
sensors in a single well was developed for testing purposes. It has been shown that in a 
12-well plate system, the working volume has to be at least 1,5 ml per well in order to 
ensure homogeneity of the temperature distribution on the bottom of the well and to 
even out possible sudden temperature changes. 

From the hardware point of view, a dripping input (as opposed to an immersed input) 
has more predictable behavior and improves the temperature distribution and therefore, 
is the preferred choice for the proposed system.  

The shear stress at the cell level (10 μm from the bottom of the well) has been 
estimated using a finite-element method. As expected, the maximum shear stress 
occurs at the vicinity of the inlet. The shear stress decreases with increasing input 
diameter and with decreasing input flow-rate. Positioning of the input and output 
closer to the center of the well increases the shear stress. Therefore, input and output 
should be positioned at the edges of the well and for flow-rates above 0,4 ml/min, the 
input diameter should be larger than 400 μm, resulting in an average linear velocity of 
0,05 m/s. 

A temperature soft-sensor has been developed based on a linear model. The linear 
model is well suited for the temperature measurements and can perform well even with 
one measurement down stream as long as there are no major disturbances. The 
suitability to other measurements, such as pH or O2, can not be directly suggested. The 
methodology used for the development of the temperature soft-sensor can, however, be 
used for the development of other soft-sensors. 

Poly(dimethylsiloxane) (PDMS) as the material of choice is assessed in terms of its 
processability as well as physical and chemical properties from the cell cultivation 
point of view. The critical chemical properties are further studied in wet-lab 
experiments. An experiment with fluorescent dye proves that native PDMS exhibits 
non-specific binding. The PDMS exhibited a negative weight change after immersion 
in the culturing medium. However, the high-performance liquid chromatography-size 
exclusion chromatography (HPLC-SEC) study has shown no foreign or missing 
components in the growth medium at given wavelengths. Given that the medium will 
be continuously supplied, the empty surface sites will be shortly saturated and further 
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adsorption can take place only with compounds of stronger affinity to the surface. 
Despite these findings, the negative properties of PDMS are outweighed by its 
advantageous properties for cell cultivation. These include biocompatibility, non-
toxicity, optical transparency, non-fluorescence, easy sterilization, and gas 
permeability. 

As a summary, the results of the performed analyses and experiments ensure the 
feasibility of the proposed system.  
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Glossary 
The glossary quotes appropriate keywords from [191] unless stated otherwise. 

Absorption  

An incorporation of a substance in one state into another of a different state (e.g., 
liquids being absorbed by a solid or gases being absorbed by water).  

Adsorption  

A physical adherence or bonding of ions and molecules onto the surface of another 
molecule. 

Disturbance signal 

In control theory, an unwanted input signal that affects the output signal of the system 
[31]. 

Finite element method 

The finite element method (FEM) is used for finding approximate solutions of partial 
differential equations as well as of integral equations such as the heat transport 
equation. The solution approach is based either on eliminating the differential equation 
completely (steady state problems), or rendering the PDE into an equivalent ordinary 
differential equation, which is then solved using standard techniques such as finite 
differences, etc. 

Input 

In modeling, input is the term denoting either an entrance or changes which are 
inserted into a system and which activate/modify a process.  

High-content screening 

High-content screening (HCS) is an automated cell biology method drawing on optics, 
chemistry, biology and image analysis to permit rapid, highly parallel biological 
research and drug discovery. HCS describes the use of spatially or temporally resolved 
methods to discover more in an individual experiment than one single experimental 
value. It is the combination of modern cell biology, with all its molecular tools, with 
automated high resolution microscopy and robotic handling. 



  xix 

   

High-throughput screening 

High-throughput screening (HTS), is a method for scientific experimentation 
especially used in drug discovery and relevant to the fields of biology and chemistry. 
Using robotics, data processing and control software, liquid handling devices, and 
sensitive detectors, HTS allows a researcher to quickly conduct millions of 
biochemical, genetic or pharmacological tests. 

In silico  

Performing an experiment on computer or via computer simulation 

In vitro  

Performing an experiment in a controlled environment outside a living organism 

In vivo  

Performing an experiment inside a living organism 

Linearity 

In precision balance testing, it is the ability of an instrument to have consistent 
sensitivity throughout the weighing range [79].  

Linear model 

When formulating a linear model, one observes a phenomenon represented by an 
observed data vector (matrix) and relates the observed data to a set of linearly 
independent fixed variables [171]. The relationship between the random dependent set 
and the linearly independent set is examined using a linear or nonlinear relationship in 
the vector (matrix) of parameters [171]. 

Observability 

In control theory, observability refers to the ability to estimate a state variable based 
on measured outputs and control signals [31]. 

Perturbation 

A perturbation of a biological system is an alteration of function, induced by external 
or internal mechanisms. Biological systems can be perturbed through a number of 
means. Examples include 1) Environmental stimuli (temperature changes, osmotic 
shock, pressure changes), 2) Small molecules that affect different biological pathways 
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(drugs, toxins), 3) Manipulation of gene function, such as gene knockout or transcript 
knockdown by RNA interference. 

Reference electrode  

Reference electrode (RE) is an electrode which has a stable and well-known electrode 
potential. The high stability of the electrode potential is usually reached by employing 
a redox system with constant (buffered or saturated) concentrations of each 
participants of the redox reaction. 

Rise time 

The time for a system to respond to a step input and attain a response equal to the 
magnitude of the input [31]. 

Soft-sensor  

Soft-sensor or virtual sensor is a common name for software where several 
measurements are processed together. There may be dozens or even hundreds of 
measurements. The interaction of the signals can be used for calculating new quantities 
that need not be measured. Soft sensors are especially useful in data fusion, where 
measurements of different characteristics and dynamics are combined. It can be used 
for fault diagnosis as well as control applications. 

Sorption 

Sorption refers to the action of either absorption or adsorption. As such it is the effect 
of gases or liquids being incorporated into a material of a different state and adhering 
to the surface of another molecule.  

Stimulus 

In physiology, a stimulus is something external that elicits or influences a 
physiological activity or response. For instance, when a stimulus is applied to a 
sensory receptor, it elicits or influences a reflex via stimulus transduction.  

 



 

Chapter 1. Introduction 
 

The worlds of engineering and biology: two worlds, two ways of thinking, two 
languages. Until recently, most of the education has been clearly divided – biology and 
engineering do not mix. Later, it became clear that without inter-disciplinary studies, 
the two are not able to communicate together. A biologist knows which answers s/he is 
searching for, but does not know that the way to the answers could be shorter and more 
straight forward, because s/he does not know what the engineers have to offer. On the 
other hand, an engineer is trying to suit his inventions to the needs of the biologists, 
but does not understand the goals that the biologist is interested in. A similar trend is 
evident in research as well. Nowadays, the groups developing an instrument for 
biologists typically either have a close co-operation with a group of biologists or even 
have biologists amongst them. This thesis attempts to serve as a bridge between the 
two worlds – bringing up the latest developments relevant to cell cultivation from both 
the biology and the engineering.  

This chapter introduces the trends in cell and tissue engineering, followed by the 
introduction of the engineering trend – the miniaturization in Section 1.2. The chapter 
further discusses the organization of the thesis in Section 1.3. The contribution of the 
thesis in Section 1.4 concludes this chapter. 

1.1 Trends in Cell and Tissue Engineering [II] 

Biology is profiting from engineering especially through the automation of labor-
intensive tasks. A successful example can be found for instance in the drug discovery 
area, where the technology has produced a standard form of testing using well plates (a 
same plate shape and area can accommodate from 2 to 1536 wells). This 
standardization has allowed many manufacturers to produce robots for automated 
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vessel coating, seeding, cell feeding, incubation [176], pipetting, detection or even 
fully automated lines preparing cells for high-throughput screening (HTS) [88], [10]. 
HTS methods have been driven by the needs of the drug discovery industry to increase 
the number of tests and to reduce the price per test.  

The processes related to fermentation and bacterial growth in general are well 
standardized. These cells are typically grown in bioreactors as a suspension. However, 
most of the mammalian cells are adherent (anchorage dependent) and therefore, these 
advances are not directly applicable. This thesis further focuses only on adherent 
cells. 

More and more cell-based assay research is turning from immortalized cell lines 
towards cells separated directly from a tissue (primary cells) or stem cells. These 
cells are much more sensitive than cell lines and present a challenge even for skilled 
laboratory personnel. As the amount of suitable cells from a tissue sample is usually 
limited, the need is to move from high-throughput screening (HTS) to high-content 
screening (HCS). The need is rather to obtain as much information from a cell 
population as possible while it is possible (HCS) than obtain “single answers” as fast 
and as cheap as possible. As the needs of these two methods are different, they pose 
different requirements on automation and therefore, direct transfer of automation 
technology from HTS to HCS of difficult-to-culture cells is not effortless.  

The environmental control functions typically include incubation (heating including 
the temperature feedback loop), medium exchange, oxygenation and adjustment of pH 
with CO2. The HTS robotic systems typically consist of several separate instruments 
that perform different functions. The cell vessels are transported from one instrument 
to another using robots or conveyor belts. In HTS robot systems, for instance, the 
medium exchange is typically done using pipettes and thus requires removal of the 
culture vessel from the incubator and opening of the lid, increasing risks of cross-
contamination and thermal disturbances [176]. Furthermore, the HTS systems do 
not typically facilitate continuous monitoring of the cells in each vessel at the same 
time, which might be required in HCS and stem cell differentiation studies, for 
example. HTS systems are typically large (various storage places, positioning tables, 
robotic arms) and instruments are pre-programmed for a certain task. These robust 
systems therefore lack the flexibility and adaptability needed for HCS, where 
experiments (and thus tasks) may vary. This thesis further focuses only on systems 
suitable for HCS. 
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Researchers are attempting to tackle the cultivation of various adherent cell types with 
novel methods suitable for HCS applications. These developments aim at minimizing 
the cell and reagent usage, while increasing the number of measurements from the cell 
population as well as from a single cell and minimizing the stress induced in the cells. 
Most of the latest work in the area is realized using microsystem technology and, in 
particular, microfluidics, supported by control engineering [158].  

1.2 Miniaturization 

The miniaturization process can be seen all around us. Perhaps the most popular 
example is the personal computer (PC), which has progressed from a room-sized 
machine through a desktop to a laptop. The major contribution of the development 
belongs to the miniaturization of electronics (microelectronics), which not only 
enabled smaller dimensions of the whole, but also increased the number of functions 
available and the memory capacity, and last but not least made it affordable for regular 
users. 

Similar trends can be seen also in other consumer electronics, such as various sports-
related gadgets (e.g. heart rate monitors), home equipment (e.g. washing machines, 
home security), personal electronics (e.g. mobile phones), cars or toys (e.g. robotic 
programmable toys). Together with miniaturization also new fields, such as smart 
home or smart clothing, have also appeared. Most of these devices are not only based 
on microelectronics, but also on newly developed miniaturized sensors (microsensors). 
Major areas that miniaturization covers include microsensors, microactuators, micro-
optics, and microfluidics. 

Miniaturization has entered almost all industrial areas. Currently, research is on-going 
in pulp and paper, automotive, pharmaceutical and many other industries. In the 
biomedical areas, miniaturization not only enters the traditional areas such as 
chromatography, but enables a whole new area of bed-side testing (point-of-care 
testing) with simple, cheap, small and disposable tests. Other biomedical areas include 
regenerative medicine (e.g. implants), and drug development. The strength of 
miniaturization in the laboratories is mostly due to microfluidics. 
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1.2.1 Microfluidics [III] 

Microfluidics is nowadays mostly associated with applications in biotechnology and 
analytical chemistry. Lately, applications in cell biology are being explored as well. 
Cell applications are introduced later in Section 3.2.2. Here, the technology is briefly 
introduced. 

Microfluidics is a technology, which involves research and development of micro-
scale devices that handle small volumes of fluids (down to micro-, nano-, pico- and 
even femtoliter volumes, see Figure 1.1).  

 Litres     l 1  
Decilitres  dl 10-1 
Centilitres  cl 10-2 
Millilitres ml 10-3 
Microlitres μl 10-6  
Nanolitres  nl 10-9 
Picolitres  pl 10-12 
Femtolitres fl 10-15  
Attolitres  al 10-18  

1 μm 

1 μm3

 =  
1 fl

1 μm 

1 μm 

 

Figure 1.1: Downscaling of volumes. 
 

The devices themselves have dimensions ranging from several millimeters down to 
micrometers (see downscaling in Figure 1.2) and at least one of the dimensions of the 
device is often measured in micrometers, e.g. a channel in the device. Thus, the 
miniaturization of the entire system, while often beneficial, is not a requirement of a 
microfluidic system. The microscopic quantity of fluid is the key issue in 
microfluidics. 

Microfluidic devices require construction and design approaches that differ from 
macroscale devices. It is not generally possible to scale conventional devices down, 
since the dominant physical quantities change in the microworld (a so-called scaling 
effect). In the microworld, the liquid flow tends to be laminar, surface forces and 
surface tension start to dominate, and therefore, effects that are not seen on the 
macroscale become significant. Therefore, the definition of microfluidics sometimes 
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refers to general situations in which the small-size scale results in changes in fluid 
behavior. 
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Figure 1.2: Size comparison of various engineering and biological components. 

[Adapted from A. van den Berg, Mesa+ Institute of Technical University of Twente] 
 

As depicted in Figure 1.3, microfluidic systems and components comprise of channels, 
nozzles, pumps, reaction chambers, mixers, valves, filters, sensors and others. 
Dedicated design, fabrication and assembly tools are needed, in addition to the 
knowledge of the scaling effect, material properties, surface chemistry, and other 
aspects in order to produce functional prototypes and reliable products.  
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Figure 1.3: Microfluidics interest areas. 

1.2.2 Scaling Effect in Microfluidics: Opportunities and 
Challenges 

The success of microfluidics does not lie in the novelty of the technology, but in the 
new physical properties that one can take advantage of. The physics in microfluidics is 
same as in macrofluidics, but there are different effects dominating due to the so-called 
scaling effect.  In microfluidics, the differences include faster thermal diffusion, 
predominantly laminar flow, surface forces responsible also for capillary phenomenon, 
and an electric double layer (EDL). Some of the phenomena are briefly discussed in 
the following. More detailed information about the effects of downscaling in 
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microfluidics can be found in [52] and [133], for example. Thanks to these differences, 
new opportunities will be available.  

In microfluidic channels, the laminar flow dominates due to the low Reynolds number. 
It means that the flow is streamlined with no turbulence. The Reynolds number is a 
measure of the ratio between inertial forces and viscous forces in a particular flow and 
indicates whether the flow is laminar or turbulent. In channel flows, Reynolds numbers 
smaller than 1500-2000 typically indicate laminar flow, while flows with Reynolds 
numbers greater than 1500-2000 increasingly tend to be turbulent [133]. The laminar 
flow enables focusing of tested substance across a certain area or easy and repeatable 
generation of concentration gradients on a chip, which are of interest, for instance, for 
toxicity studies. 

The formation of an EDL allows liquid in the channels to be moved electro-kinetically 
instead of mechanically. Most solid surfaces acquire a surface electric charge when 
brought into contact with an electrolyte (liquid e.g. water). The surface charge then 
influences an electric field which attracts nearby ions of opposite charge in the 
electrolyte and repels ions of like charge [52]. This phenomenon is utilized in various 
analytical separation systems and allows sample pre-processing on the separation chip, 
which reduces carryover. 

The miniaturized systems allow integration of various functions onto the same 
platform or chip, which enables multifunctional systems able to detect more properties 
from the same sample. This also makes the systems more compact. 

However, downscaling does bring along with the small dimensions some technological 
challenges. One of them is the avoidance of impurities and gas bubbles. Many 
filtration techniques are used to ensure reliable operation as even a single 
macroparticle or gas bubble [180] can modify or prevent the correct operation [193].  

Another significant challenge is the reduction of the sample volume. This brings with 
it not only the benefit of reduced consumption of reagents, but also a lower detection 
signal. However, this can be often solved using improved labels, detection methods, 
and new ways of preconcentrating the sample. Yet sometimes the concentration of the 
targeted molecule in the sample is not sufficient for a volume reduction and therefore, 
more efficient filtration techniques will have to arise to enable use of larger impure 
samples directly from for instance a process. This might be relevant also for single cell 
analysis systems. 
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Also liquid evaporation becomes significant as the sample volume is reduced – the 
surface-to-volume ratio increases and thus the evaporation is “more efficient”. That is 
why most microfluidic systems are closed. 

The last, but not the least of challenges in microfluidics are the assembly, the 
packaging and the integration. Even if all the system components are very reliable, the 
reliability of the system as such will be poor, if they are not assembled correctly. The 
connections should often withstand high pressures, which are necessary for fluid flow 
in microchannels with high hydraulic resistance. The packaging should protect the 
system from harsh environments but allow the input of the sample. In many cases, the 
system has to be air-tight, but has to be opened somewhere for the sample 
introduction. Sometimes not only fluidic pathways have to be aligned, but optical and 
electronic as well. 

Microfluidics carries a promise of compact multifunctional systems, which offer 
improved functions, sensitivity, portability and reliability. The thesis attempts to bring 
these into the field of cell cultivation.  

1.3 Organization of the Thesis 

The thesis focus is on automated cultivation of adherent cells. Since the thesis crosses 
the border of both engineering and biology, Chapter 2 describes the cell in 
engineering terms and ponders the importance of cell feedback and previous states. 
The various chemical, physical and electrical signals are introduced and their 
measurement ways in living cells are discussed. The chapter concludes with a 
discussion on relationships between in vivo, in vitro and in silico experiments. 

Chapter 3 introduces the field of environmental control in adherent cell cultivation. 
Firstly, the trends in cell and tissue models are examined. The chapter further discusses 
the main components of environmental control systems and establishes the state-of-
the-art in incubation by providing and analyzing measurement results from a high-end 
incubator, which were performed using a well-plate equipped with temperature 
sensors. 

Chapter 4 proposes an original system for cell cultivation of adherent cells on a 
standardized well-plate. A thorough analysis of functions and components follows. 
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The major risks for the failure of the proposed system are identified and further 
assessed in following chapters. 

Chapter 5 presents an experimental feasibility study. A test bench was developed for 
the testing of temperature distribution in a single well of a standardized 12-well plate. 
The temperature distribution is studied in relation to the working volume of the well 
and to the type of inlet (dripping or immersed). The shear stress at the cell level is 
studied using a finite-element method, since shear stress measurements in a well are 
not feasible. The results of the simulation are verified using the developed test bench. 
The applicability of a temperature soft sensor is evaluated. 

Chapter 6 examines the material of choice, poly(dimethylsiloxane), in terms of its 
processability as well as its physical and chemical properties. These properties are 
assessed from the cell cultivation as well as analytical measurement point of view. The 
critical chemical properties are further studied in wet-lab experiments. 

Chapter 7 evaluates the potential impact of the proposed system. Firstly, the 
applications of adherent cells are introduced and further focused onto the applications 
of the proposed system. A special section is dedicated to the emerging field of system 
biology, which is assessed from an unconventional angle – from the hardware point of 
view. Further, the possible markets are examined and the proposed system evaluated. 

Chapter 8 concludes the thesis. It summarizes the findings and outlines future work in 
this field. Other opportunities for automation in the field of cell-based assays are 
discussed. 

1.4 Contributions of the Thesis 

A solution has been sought to address our insufficient knowledge of the true 
environmental conditions during cell-based experiments. Based on the required 
analysis, a new original system is proposed. The functions and components of the 
system are further assessed in part using literature surveys and in part experimentally 
to eliminate the major risks that could lead to the failure of the proposed system.  

The wet-lab experiments show the influence of the working volume in the well, the 
influence of different liquid input strategies and the influence of the flow-rate on the 
shear stress at the cell level on the performance of the proposed system. A 
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temperature soft-sensor has been developed based on the wet-lab measurements. The 
material of choice, poly(dimethylsiloxane) (PDMS), has also been assessed both 
using literature survey and experimentally. 

The major risks have been eliminated, and thus the proposed system has been proven 
as viable. Therefore, the system has been evaluated for its market potential and its 
market value. The thesis assesses system biology, as one of the application areas, from 
an unconventional angle – from the hardware point of view. This reveals some of the 
fundamental questions that have not been sufficiently taken into account so far. 

The proposed system has an indisputable potential to become a new international 
standard for cell-based assays. 

 



 

Chapter 2. Cell Observability  
 
 

This thesis focuses on adherent cells, as most mammalian cells are adherent 
(anchorage dependent) by nature. The objective of this chapter is to explain the cell in 
engineering terms and to point out the difficulty of measurements on a living cell. An 
engineering insight into the cell is provided in Section 2.1. The section discusses 
firstly the experimental situation and further in Section 2.1.1 the inputs and outputs of 
the cell including chemical, physical and electrical signals. The previous states of a 
cell and their importance are discussed in Section 2.1.2. Mathematical modeling of 
biological systems is briefly introduced in Section 2.1.3. Various purposes of living 
cell measurements are outlined in Section 2.2.1 and so are the possible measured 
variables in Section 2.2.2. Different measurement methods for single cell 
measurements are briefly introduced in Section 2.2.3, while measurements on the cell 
population level are discussed later in Section 3.2.4. This chapter concludes with a 
discussion raising some of the open questions about in vivo, in vitro and in silico 
correlations in Section 2.3. 

2.1 Cell as a Multiple-Input Multiple-Output Non-Linear 
System [II] 

Cells and cell populations can be understood as processes with multiple inputs and 
outputs (MIMO systems). They are multivariable and non-linear systems, where the 
nature of the processes is not fully known. Cells are processes that are not completely 
understood and as such can be considered in engineering terms as “black boxes”. In 
order to comprehend the internal processes, it is necessary to link the inputs and 
outputs [194]. That is one of the most difficult tasks yet to be achieved. Some of the 
relationships can be predicted based on known physical laws, but large numbers of wet 
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lab experiments are still necessary. These experiments are tedious and require 
satisfactory flexibility (in order to move from one experimental setup to another). 

In a typical experimental setup (such as in vitro toxicology), growth medium provides 
nutrition needed for the cell to function. A substance (such as a toxin, fluorescent 
label, or genetic material) is added to the medium in varying concentrations and 
changes in the population growth or behavior are observed on average (more on this 
topic in Section 3.2.4). A control cell population without tested substance is compared 
to the tested populations and the result is based on the difference between them. 
Ideally, one can draw a cause-and-effect relationship between the tested substance and 
the difference in behavior. 

 In reality, the cell does not handle only the input stimuli from the tested 
substance/phenomena, but also various other inputs, which can be chemical (such as 
nutrients), physical (such as pressure or temperature) and electrical (such as contact to 
other cells). In fact, there is a feedback loop for the cell itself, as its outputs, which are 
also chemical, physical and electrical, directly affect the nearby environment and thus 
become inputs (see Figure 2.1).  

Electrical  
(other cells)

Physical 
(temperature, 

pressure, 
attachment)

Chemical 
(nutrients)

Chemical 
(concentration)

Physical (morphological 
changes)

Electrical 
(intercellular)

INTEREST

CELL

NUTRIENTS

OTHER CELLS

STIMULI

GROWTH
PRODUCTION

REPRODUCTION

REACTION TO STIMULI

CELL

DISTURBANCES

INPUTS OUTPUTS

 
 

Figure 2.1: A cell and its inputs and outputs. Above: a block diagram. Below: a 
simplified illustration. 
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As cells are non-linear dynamic systems, they respond non-linearly to stimuli and 
often depend also on the frequency information contained in an oscillation external 
perturbation [182]. 

Ideally, if one should truly observe the influence of a single stimulus, one should first 
cancel out all other inputs. In this case it is not possible, as the cell would start dying 
without nutrition and thus, one would not be observing “normal behavior.” Hence, if 
one cannot rule out all the other inputs, one should observe them, measure them and 
account for them. These other variables include then not only the ones necessary for 
the desired cell function (growth, reproduction), but also disturbances related to the 
experiment (such as heat dissipated by a microscope lamp during observation). 

This becomes of even greater importance in gene and protein expression experiments, 
where it is possible only to test the cell once. The previous and consequent values of 
the expression of that particular cell are unknown (as the methods are destructive). 
Hence, knowledge of all the aspects of the experiment (including the disturbances) 
until cell destruction are of the utmost importance. 

The cell signal pathways are very complex and certainly it is the contribution of 
several signals and the cell “memory” (previous states) that define whether some 
action will or will not happen. Next the feedback loop of a cell and the previous states 
of a cell are discussed in Sections 2.1.1 and 2.1.2 respectively. 

2.1.1 Feedback Loop of a Cell 

In control engineering terms, the cell has a feedback-loop to its own state through the 
environment surrounding it, since the environment contains signals which the cell 
itself has introduced into the environment. This is represented in Figure 2.1 by dashed 
lines. These signals can be of different nature: chemical, physical or electrical.  

A cell maintains its internal balance by reacting to changes in the environment with 
responses of opposite direction to those that created the disturbance [100]. The balance 
is maintained by negative feedback. Such a system that maintains itself by controlling 
many dynamic equilibria is called a homeostatic system [100]. The effect of feedback 
is generally non-linear and may result in activation or inhibition of various reactions 
[130]. An example of positive feedback is the action potential in electrically active 
cells [100]. 
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Chemical Signals 
In adherent cells, the concentration of the chemical feedback is influenced by the 
volume of medium per cell, by the form of medium exchange and obviously on the 
previous concentration of given substance. The smaller the volume of medium per cell, 
the larger the intensity of feedback signal (for instance a chemical substance). The 
process is governed by the diffusion rate of the substance in medium. In small 
volumes, the diffusion distances are smaller and thus, the medium is more 
homogeneous as compared to high volumes, where the diffusion time is longer. Thus, 
the form of medium exchange also influences the feedback intensity.  

In small-batch cultivation of adherent cells, the medium is exchanged manually, 
for instance twice a week. Thus, the feedback concentration level of metabolites and 
nutrients is slowly increasing and then suddenly disappears (see Figure 2.2a). In stirred 
reactors, the metabolites and nutrients are effectively distributed into the whole 
medium and thus, the local feedback is changed to global feedback with lower 
intensity (see Figure 2.2b). In continuous perfusion systems, a part of the metabolites 
and nutrients is lost due to exchange of the medium and thus, lower concentration of 
chemicals can be expected (see Figure 2.2c). As in continuous perfusion systems, the 
chemical signals are distributed in vivo via blood and intercellular liquid.  

 

a) b) c) 

c 

t 

 
Figure 2.2: The influence of medium exchange on chemical signals, a) manual 

exchange, b) stirred reactor, c) continuous perfusion system. c = chemical 
concentration, t = time 
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To some extent, also the temperature can influence the feedback loop. With increasing 
temperature, the cells are known to metabolize faster and thus the delay also shortens. 
Changing temperature also influences the volume of dissolved CO2 (carbon dioxide) in 
the growth medium. 

Physical Signals 
Major sources of physical signals in a cell culture are thermodynamic parameters, i.e. 
temperature, pressure and volume. The mediation of pressure signals depends mostly 
on physical growth constrictions (such as size of the dish for culturing in the adherent 
cell type case) and cell confluence (the percentage of surface covered by cells). The 
denser the cells, the more pressure signal can be mediated.  

Cells can change their volume for number of reasons, such as osmotic imbalance. A 
swollen cell exerts pressure on its surroundings, and in case of highly confluent 
culture, directly on the neighboring cells. 

Electrical Signals 
There are cells specialized in sensing of electrical signals (excitable cells), such as 
neurons, and cells specialized in generation of electrical impulses, such as the cells of 
the myocardium.  However, all cells have a membrane maintaining the electric 
potential of the cell. The electric potential is directly influenced by the difference in 
concentration of various chemicals inside and outside of the cell. Thus, the cell 
environment influences the electrical potential of the cell in a similar way as described 
in the section on chemical signals. 

2.1.2 Previous States of a Cell 

As discussed in the previous section, the “short-term memory of a cell” in cell culture 
is principally mediated via the environment in the vicinity of the cell (feed-back loop). 
However, there is also a “long-term memory of a cell”, i.e. the history of a cell or the 
previous states. Generally, biological signaling networks have capacity to detect, 
transduce, process and store information [182]. The capability to store information 
(“memory”) contributes to the present state, but is often omitted. 

Events that modify cell behavior can be, for instance, exposure of a cell to toxins in 
weak concentrations, malnutrition, and physical stress. From an experimental point of 
view, these events can go unnoticed, as morphological changes can be little or none. 
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The cell history is becoming more important with the in vitro cultures of cells that do 
not originate from established cell lines. Considering primary cells derived from a 
patient biopsy, the factors influencing the cell behavior in vitro may be the way cells 
were obtained from a tissue (e.g. enzymatically inducing chemical stress or using a 
laser inducing mechanical stress) or even patient illnesses since childhood. As it is 
nearly impossible to provide full information on any patient’s life, researchers use 
organisms whose lives they can control. 

For such purposes, it is convenient to use simple organisms such as Drosophila. The 
benefits are the almost perfect control over the whole lifetime, relatively low cost of 
maintenance and no ethical issues (as opposed to use of mammals). That enables 
studies of aging, reproduction, genetic differences and many others [48]. 

On the other hand, simple organisms do not sufficiently model human cells. Moreover, 
most of the experimental measurements are cell-specific and not universal [36], [53]. 
Therefore, by performing an experiment with one cell type, one cannot make general 
conclusions about others.  

2.1.3 Mathematical Models 

Cells and biological systems in general are complex non-linear systems. Living 
organisms are thermodynamically open systems; they are in a state of permanent flux, 
continuously exchanging energy and matter with their environment [182]. They are 
characterized by a complex organization, which results from a vast network of 
molecular interactions involving a high degree of non-linearity [182]. Such complex 
systems often exhibit self-organizing properties. Their dynamical states that result 
from self-organizing processes may have features such as excitability, bistability, 
periodicity, chaos or spatiotemporal pattern formation [182]. 

Even the simplest biological dynamic phenomena are exceedingly complex. Therefore, 
the experimental, theoretical and computational know-how have to be joined in order 
to generate mathematical models of the phenomena. Most of the latest work in this 
field has focused on molecular mechanisms and signaling cascades. A simple model 
development procedure based on [46] follows. In practice, the experimental work is 
examined and plausible molecular mechanisms are chosen. A schematic representation 
is formed and it is further translated into a series of elementary steps, which are further 
translated using basic laws of physics and chemistry into mathematical expressions. 



  17 

   

These expressions are further combined into time dependent differential equations and 
can be examined for inconsistencies. Differential equations describing biological 
processes often involve control mechanisms that have non-linear components. These 
non-linearities make it difficult or impossible to obtain an exact solution. However, the 
differential equations can give estimates using numerical methods. As spatial variation 
is typically an important feature, the solution is often based on partial differential 
equations [46]. 

Several mathematical models have been developed for biological systems. They 
include for instance population models, models of various biological rhythms and 
oscillations, or models of reaction kinetics. They are discussed in brief in the following 
starting from macro and moving towards micro. 

Population models include single species growth models as well as variations of the 
predator-prey (concurrent species) situation [130]. 

There is a vast amount of physiological models. They include, for instance, models of 
respiratory system [90], blood glucose regulation [90], heart rate [90], cardiac 
hypertrophy [139], muscle contraction [139], or arterial dynamics [139]. For example, 
the control of body temperature, relies on muscle contraction, or shivering, to raise the 
temperature and perspiration and its evaporation to lower the temperature [100]. These 
type of models typically omit underlying molecular processes. 

In whole-cell modeling, the complex properties are understood by combining 
interlocking transport and regulatory mechanisms. The bottom-up approach is to 
model each process separately based on experimental data and then to construct more 
complete models by combining these elements together [152]. The top-down approach 
starts with a comprehensive model, which is simplified to minimal essential elements 
[152]. Often, models of models are the first step to the qualitative understanding [130]. 
Examples of whole-cell models are the pancreatic β-cell, the pituitary gonadotroph or 
the bullfrog sympathetic ganglion neuron, which all incorporate endoplasmic 
reticulum, plasma membrane and interactions between the two [152]. 

Various oscillatory dynamic states are present in different levels and periodicities. 
The models range from subsecond neuronal oscillations to heart and respiratory rates 
to the 28-day ovarian cycle [182]. Another example is the cell cycle that is controlled 
by the mitotic oscillator with periods from ten minutes to a day [182]. 
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Membrane models are popular for electrically active cells, where the trafficking 
across a cell membrane is modeled. As discussed in Section 2.1.1, the cell maintains 
its internal equilibrium. Perhaps the most popular model has been introduced by 
Hodgkin and Huxley [181]. 

Biochemical reactions are typically based on the basic enzymatic reactions, first 
proposed by Michaelis and Menten (1913) involving a substrate that reacts with an 
enzyme [130]. 

As can be seen, these whole-cell models are cell type specific and therefore, do not suit 
this thesis. However, a general mathematical representation can be formulated. A set 
of equations (2.1-2.3) is introduced to describe Section 2.1 and Figure 2.1 in brief.  
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where function x(k) refers to internal states of the cell at the time instant k, z(k) the 
states of the environment, y(k) the cell output (via membrane), uc(k) cell stimuli 
(perturbations), ue(k) environment control parameters and a time step. 

This shows the interconnection between the cell environment state, the cell state and 
the cell output. As described in Section 2.1.1, all of these include chemical, 
mechanical and electrical signals that interact with each other. This situation is 
presented in Equations 2.4-2.6. 
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where Eo refers to the electrical, Cp to the chemical and Mr to the mechanical domain. 
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2.1.4 Conclusions 

This section has shown that in cell-based experiments, it is not sufficient to measure 
only the response of the cell to the tested variable. One should attempt to control the 
environment in such a way that the number of unknown variables is decreased and 
disturbances are measured. The ways to control the environment are discussed later in 
Chapter 3. This chapter further focuses on the measurements of living cells. 

2.2 Measurements of Living Cells [V] 

Generally, cell measurements could be divided into cell culture measurements and 
single cell measurements. Cell culture measurements are routinely used by the industry 
and are relying on averaged values and comparison to a control culture. Cell 
measurements on a single cell level require either miniature-sized chemical sensors, 
enhanced optical methods, or an analytical system, where a cell sample is placed. The 
measurements should disturb the cell population as little as possible and therefore, 
non-invasive and non-toxic methods are preferred [5], [121].  

This section further discusses various purposes of measurement, followed by the 
overview of measured variables in Section 2.2.2 including the chemical, physical and 
electrical outputs. Section 2.2.3 focuses only on measurement methods suitable for 
measurements on living single cells, while the population wide measurements – more 
relevant to cell cultivation – are discussed later in Section 3.2.4. 

2.2.1 Purposes of Measurement 

In principle, the target of measurement is determined by the purpose of the 
measurements, which is given by the application. The applications for adherent cells 
include basic cell research as well as the use of cell-based assays in pharmaceutical 
industry or implantology (see Section 7.1). The various purposes of measurement are 
shown in Table 2-1. The purpose of measurement can be for instance recognition of 
various subcellular components, or study of cell proliferation.  

Cell culture measurements commonly include temperature, pH, dissolved oxygen 
[116] and CO2 measurements. Lately, various nutrients are measured as well, such as 
glucose or glutamine levels [187], [128], [29], and metabolites such as lactate and 
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ammonia [43]. A common measure of a population well being is the cell count, where 
lately image processing techniques (for instance [174] and [3]) and impedance [110] or 
resistivity measurements have recently been applied, replacing the manual count.  

Cell biologists, on the other hand, are not only interested in the cell culture 
measurements, but also in the intracellular activities (e.g. protein synthesis, energy 
metabolism, and drug metabolism), environmental interactions (e.g. nutrition, 
infection, carcinogenesis, and drug action), cell-to-cell interactions (e.g. cell 
population dynamics, cell adhesion, signaling) and genetics (e.g. DNA expression). 
Many measurements are based either on the metabolism or morphological changes that 
occur during the cell cycle.  
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Table 2-1: An overview of applications and their needs for measurements. 

Purpose of measurement Measurand 
examples

maintaining the cell culture alive T, pH, CO2, 
cell count

Cell differentiation maintaining the cell culture alive and cell
responses to addition of various chemical
stimuli

T, pH, CO2, 
cell count, 

morphology, 
specific 

functions
Cell sorting cell separation based on type morphology

presence and position of various
subcellular structures

nucleus, 
proteins, 

organelles, 
DNA, mRNA

Mechanosignalling physical properties of cells elasticity

Cell processes presence and position of various
subcellular structures

function of 
ionic channels, 
ATPases, Ca2+

Signal transduction presence of ions necessary for signal
transduction and their changes across
membrane

function of 
ionic channels 

and 
transmitters, 

Ca2+

efficiency of production, optimization produced 
compound 

content
cell survival, changes in function cell count, 

changes in 
metabolism, 

expressed DNA

ADME(T): drug Absorption, Distribution,
Metabolism, Excretion, (Toxicology)

function of 
ionic channels, 

metabolism
cell adherence to substrates, bio
compatibility

cell count

Cytotoxicity

Drug discovery

Regenerative 
medicine, implants

Application

Cell culturing

Cell biology

Production of 
therapeutics
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2.2.2 Measured Variables 

In the following sections, some of the cell inputs and outputs that are of special 
research interest and can be measured will be discussed. 

Morphology 
The cell morphology reflects the well being of a cell to some extent, especially in 
adherent cells. The morphology can be observed statically, i.e. the cell size, number 
and shape of neurites, cell clustering, attachment, or dynamically, i.e. the 
morphological changes such as movement, cell proliferation. The cells can be studied 
in the homogeneous as well as in the heterogeneous form (e.g. tissue slices). These 
observations are usually performed natively under a microscope or are enhanced with 
fluorescent techniques. The captured images are typically statistically evaluated using 
image processing techniques. Several commercial devices exist that can perform such 
operations. Other non-optical techniques include for instance microelectrode networks 
(MEAs), which also allow some morphological measurements (e.g. movement, size, 
attachment quality). 

Chemical Outputs 
Metabolites are the chemical outputs of a cell. The cell is most of the time trying to 
maintain certain levels and thus, extracellular measurements can tell something about 
intracellular values and vice-versa. This section will briefly discuss the role of various 
metabolites involved in the cell cycle. For deeper understanding, one may refer to 
biology textbooks. 

In principle, a cell needs energy for growth, reproduction or even to stay alive. The 
energy is derived from a molecule ATP (adenosine triphosphate), which undergoes 
hydrolysis and forms ADP (adenosine diphosphate). Catabolic pathways are associated 
with making ATP (energy). All metabolic functions associated with production of 
DNA, RNA, proteins, fatty acids and other carbon containing molecules are anabolic 
pathways. A good interactive overview of all the metabolic pathways can be found in 
[99]. 

The analytes of primary interest are as follows [based on 203]: 

• Extracellular oxygen (O2): measure of cell respiration capabilities 
• Extracellular carbon dioxide (CO2): quality of Krebs cycle; together with 

glucose a viability measure 
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• Extracellular glucose: cell capacity to produce fuel and carry out anabolic 
functions 

• Intracellular ATP: fuel availability 
• Intracellular NADH, FADH2: quality of glycolysis 
• Intracellular pH differences across mitochondrial membrane: electron transport 

chain (conversion of electron energy to phosphate bonds) 
• Extracellular pH: measure of cell respiration capabilities, especially production 

of CO2 
•  Other: H2, H2S, CH4 (in some cells, electron donors to glucose), NO3-, SO4

2- 
(in some cells, electron acceptors to oxygen) 

• Calcium 
 
It is widely accepted that complex and dynamic mechanisms regulate cellular Ca2+ and 
that this regulation is prerequisite to normal physiology throughout the body [111], 
[14]. The ability of a simple ion such as Ca2+ to play a pivotal role in cell biology 
results from the facility that cells have to shape Ca2+ signals in the dimensions of 
space, time and amplitude [15]. Therefore, calcium is further discussed in greater 
detail. 

To generate the variety of observed Ca2+ signals, different cell types employ 
components selected from “a Ca2+ signaling toolkit”, which comprises an array of 
signaling, homeostatic and sensory mechanisms [15]. By mixing and matching 
components from the toolkit, cells can obtain Ca2+ signals that suit their physiology 
[15]. 

Calcium exists in many concentrations, forms (bound, free), and locations (such as 
microsomal, mitochondrial) throughout the cell [24]. In most cells, Ca2+ has its major 
signaling function when its concentration is elevated in the cytosolic compartment. 
From there, it can diffuse into the nucleus or be sequestered by mitochondria. More 
information on processes responsible for increase or decrease of cytosolic Ca2+ can be 
found in [15]. 

Exposure of cells to various cytotoxic and mutagenic agents can result in sustained 
increase in intracellular free calcium concentrations, which can trigger either necrotic 
or apoptotic cell death. Prevention of Ca2+ chelators, receptor antagonists or channel 
blockers can rescue cells that would otherwise die. Similarly, cells that contain high 
levels of certain calcium binding proteins seem to be more resistant to cytotoxicity. 
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The role of the calcium ion as an intracellular regulator of many physiological 
processes is also now well established. Thus, the effects of a variety of hormones and 
growth factors are mediated by transient increases in cytosolic calcium [12]. 

The concentration of metabolites can be measured by variety of optical, electrical and 
chemical methods. Most of the methods rely on averages from a cell culture, but lately 
intracellular measurement has also become possible. In certain applications such as 
drug development, the trafficking of metabolites and nutrients across the membranes is 
of interest. Patch-clamp techniques are used to measure ion channel properties from a 
defined patch of a membrane (see for instance [154]). In production cell lines, the 
product is measured to allow tuning of process parameters for optimal production 
yield. 

Chemical Inputs 
Perhaps the most natural chemical input of a cell are the nutrients. In vivo, the blood is 
the source of nutrients. However, apart from blood vessel cells, the cells in vivo are not 
normally in contact with serum. In vitro, serum (commonly horse and fetal calf serum, 
FCS) and defined growth media replace the blood. Despite the good adaptability of 
cells to the serum, its use in cell-based experiments is not desirable as its composition 
is unknown and thus, the knowledge of the inputs entering a cell is reduced. The 
medium is further discussed in Section 3.2.1 of the environmental control chapter. 

The important measures in the growth medium are pH, dissolved oxygen (pO2), 
dissolved carbon dioxide (pCO2) and glucose. They are typically measured off-line 
from samples taken from medium. Lately, some on-line sensors have become 
available, as have optical techniques. 

Other chemical inputs are specific to the application and may include viruses, toxins or 
genetic material. Their measurement is typically accomplished using various 
fluorescence labels that are sensitive to the change in the cell or are directly attached to 
the chemical of interest. 

Physical Inputs and Outputs 
The most important physical inputs of a cell are the temperature and pressure from 
surrounding tissue/cells or media flow. Other physical inputs have an experimental 
character and can include various fields (e.g. magnetic, electric, pressure), incision 
techniques (e.g. poking, indentation, injection) and many others. The inputs can be 
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applied in a concentrated or distributed form, intracellular or on the cell surface, and 
can be transient or dynamic. 

The cellular physical outputs are not easily measured. Most of the measurements have 
only recently become available. These measurements include various visco-elastic 
measurements with atomic-force microscopy (AFM), simple pressure measurements 
(poking with a pipette, sucking into a pipette), stress measurements (optical tweezers) 
and others. These outputs were used to form mechanical models of cells. A review of 
mechanical models in [107] overviews continuum-based mechanical models of cells. 
These models have been based on various experimental set-ups and result in a different 
understanding of cell mechanical properties. Such models fit usually only one type of 
cell and one kind of experiment. In [66], it is suggested that mechanical models that 
include certain level of regions inside the cell (such as nucleus), should be developed. 

Electrical Inputs and Outputs 
Electrical inputs and outputs of cells are mostly associated with whole cell potential 
and cell signaling. The electrical signal input can be applied as transient or dynamic. 
The output electrical signal is measured directly or indirectly, typically from a single 
cell. Electrophysiological recordings include patch-clamp techniques (whole cell 
recordings), interdigitated electrodes and microelectrode networks (MEAs). Mostly 
excitable cells such as neurons and myocardial cells are of interest. 

2.2.3 Measurement Methods for Single Cells 

There are various methods for getting information from a cell culture. These methods 
involve various separation, sensory and detection systems. Separation systems are very 
efficient as they are able to reveal composition of the sample. However, the sample is 
destroyed, making these systems unsuitable for applications where one is interested in 
sequel measurements from the same sample such as living cells. Sensors (especially 
microsensors, due to their suitable size) can be used to measure temperature in the cell 
culture. Concentrations of certain analytes can be measured with semiconductor 
microsensors such as ISFETs and ChemFETs [26], whereas whole cell potential can be 
measured with microelectrodes. However, these are not yet suitable when one is 
interested in subcellular measurements. When visualizing cellular components (such as 
various organelles, membrane, nucleus) or measuring visually the concentrations of 
ions, various vision enhancement techniques have to be employed.  
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Optical measurements are widely used in research and are considered as an 
“international standard”. Unfortunately, mostly fluorescence-based measurements 
utilize relatively large labels (difficult delivery of the label into the cell), which are 
toxic (lethal to cells) and require light (heat stress on cells) or may fade. Lately, many 
new improvements have been achieved. Multiparameter measurements are possible 
with a wide range of labels.  

One of the latest trends is the use of green fluorescent protein (GFP [186], [27]), which 
lacks most of the previously mentioned disadvantages of fluorescent labels. The cell is 
modified (e.g. using a viral vector or microinjection) in such a way that it starts to 
produce the GFP. Also daughter cells produce GFP. This allows a cell-specific 
tracking in vitro as well as in vivo. 

There are also research groups focusing on label-free imaging. This can mean 
segmentation of microscopy images or the use of biosensors (for instance using surface 
plasmon resonance). Here, the optical approach is considered. Typically, images of 
cells are segmented into different classes according to predefined rules. A set of 
algorithms is then used for evaluation of cell morphology, motility, or cell state (for 
instance [207], [3], [174]). 

Several good general reviews on optical measurements exist (see [159], [203], and 
[40]), also covering practical issues in live cell imaging [160]. Several reviews are also 
available for certain application areas, such as fluorescence for drug delivery research 
[186], [184], imaging of protein dynamics in living cells [69], analysis of nuclear 
structure and function [78], and in vivo imaging [70]. Some of the emerging techniques 
include fluorescence correlation spectroscopy (FCS) [4], evanescence wave 
spectroscopy [136], pH fiber-optic sensors [108], micro-optodes [96], and probes 
encapsulated by biologically localized embedding (PEBBLEs) [125]. 

Non-optical measurements involve mostly various chemical sensors. There is a clear 
direction towards miniaturization and arraying to achieve spatial resolution as well as 
sensitivity. Sensors are mostly non-toxic, however, to some extent they interact with 
the measurand. Moreover, they usually require sterilization, calibration and another 
electrode, namely a reference electrode. Multiparameter measurements with sensors 
are possible, but the increased number of parameters results in larger device (as 
opposed to optical methods, where only the number of labels increases). Finally, such 
commercial products are not widely available on the market. 
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A good review of non-optical single cell measurements can be found in [202]. Some 
novel ideas include the use of ion-selective electrodes for detection of ion flux across 
cell membranes [157] (instead of traditional patch-clamp), pH sensors-based on 
conducting polymers [108], and nano-constructed cantilevers [205]. Other emerging 
concepts are the quartz crystal microbalance (QCM), surface acoustic wave (SAW) 
sensors, and microelectrode arrays (MEAs). 

As mentioned in Section 2.2.2, Scanning Probe Microscopy (SPM) is a relatively new 
method for biology. It is mostly used for studies of physical properties of cells. It can 
also be made specific to certain types of analyte by functionalizing the tip. The method 
can be performed in a virtually non-contact mode, but the author believes it produces 
stress on the cell due to the uncontrolled environment (temperature, humidity, pH). 
This method can only be a supportive method as it cannot retrieve more than a couple 
of parameters at the same time. Some examples of atomic force microscopy (AFM) 
applications in biology can be found in [1], [82], and [131]. 

In this thesis, techniques in which the sample is destroyed are not discussed since they 
are not directly suited to living cells. Such techniques include various separation 
techniques, DNA and protein analysis (for a review, see [74]) and metabolomics (for a 
review, see [37]). Promising new techniques for protein visualization in vivo (without 
destroying the sample) are being developed [122]. 

2.3 Relating In vivo, In vitro and In silico [V] 

This chapter has shown the need for simultaneous measurements of various variables 
in the cell-based assays. These measurements are crucial for understanding of the 
cause-and-effect relationship so important to biologists. Various motivations for 
measurements as well as different measured variables were outlined in Table 2-1. 
Finally, single cell measurement methods were introduced, while cell population 
measurements will be discussed in Section 3.2.4. 

The following section discusses the open questions in the area of testing in vivo, in 
vitro and in silico. The author wishes to raise a question: “Can one ever understand in 
vivo processes from in vitro measurements and in silico models?”  
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In research, two clear trends can be observed. On the one hand are measurements from 
smaller and smaller subcellular units (towards single molecule), and on the other hand 
are studies of larger and larger cellular units (towards tissues and organs).  

The author believes that many researchers forget to think on a slightly higher level. 
Many groups are trying to find a single molecule/cell action/gene responsible for a 
single molecule production/cell action. However, as has been shown in Figure 2.1, it is 
very difficult to find a single cause-effect relationship. Moreover, one cannot be sure 
that such a relationship exists. The cell signal pathways are very complicated and 
certainly it is a contribution of several signals and cell “memory” (previous states) that 
define whether some action will or will not happen. Finally, most of the measurements 
are cell-specific and not universal [199]. 

On the other end of the spectrum are the 3-D cell cultures that have become popular 
because of their spatial specificity. This allows researchers to relate diffusion rates to 
space [129]. 

Now, assuming one is able to measure at all levels – subcellular, cellular, cluster, 
tissue, or even in vivo and assuming one can measure on the same sample (i.e. same 
type cell or even the same biopsy) and all that can be done with reasonable 
repeatability, how can one ever relate these different levels into one model? Many 
groups in genetic research are trying to do that through data integration [42]. But how 
to deal with the interactions between the measurement and the measurand (cell)? Can 
one ever be sure that one measures the native state of the cell? Some researchers, for 
instance, try to learn from microbes how to interact with a cell [47]. But as most of the 
measurements are made in vitro, how can one relate them to the in vivo situation? 
Should there be firstly some kind of transcription model between in vivo and in vitro 
measurements?  

Some groups perform invaluable measurements in vivo [192]. But some of the 
techniques bring the question of ethics of such research. New methods for in vivo are 
being developed. Perhaps the most ambitious one is the use of nanobots – robots in 
(sub)cellular size that could truly operate in vivo. 

In conclusion, techniques for simultaneous (multiparameter) measurements have to be 
developed such that they can be applied at different levels (single cell, tissue). These 
methods should interact with the cell a little or not at all. Software compatibility 
should be ensured to allow merging of data from these measurements on an 
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international level. Models of interactions between different levels should be 
developed, which of course is preceded by the need to develop reliable and close to in 
vivo situation cell cultures by cell biologists. Finally, further standardization of 
experiments leading to improved reproducibility of the experiments is inevitable. The 
first leap would be the standardization of environment during the whole experiment. 
This is further investigated in this thesis. 

 

 



 



 

Chapter 3. Environmental Control in 
Adherent Cell Culture 
 

Since adherent cells are the primary interest of this thesis, this chapter firstly reasons 
for the use of adherent cells over suspended cells. Several cell and tissue models used 
by researchers are introduced. Section 3.2 covers the components of a system for 
environmental control. The performance of a state-of-the-art performance incubator is 
tested in Section 3.3. Conclusions of the chapter are in Section 3.4. 

3.1 Cell and Tissue Models [II] 

While fermentation of microbes is relatively easy (as microbes grow in a large variety 
of environments) and well understood, the culturing of mammalian cells is more 
challenging. The environments, in which the mammalian cells grow have to mimic 
their natural environment even more closely than that of the microbes. The cells have 
to be plated at a certain minimal density to avoid stress on the cells [147]. While 
microbes double their population even in minutes, animal cells have a doubling rate of 
a day or more. This lengthy cultivation is then more prone to contamination. 
Therefore, their requirements for cultivation are different. 

Mammalian cell cultures can be either suspended –grown freely in the growth 
medium– or adhered –grown attached to the bottom of the vessel, which is filled with 
the growth medium. Most mammalian cells are adherent, needing an 
attachment/anchorage. The few mammalian cell types that are not anchorage-
dependent in their native form are germ cells and blood cells. Anchorage brings some 
advantages to the measurement set-up as the cells are more or less attached to the same 
place and thus can be tracked. Thanks to the long tradition of fermentation, the 
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cultivation of suspended cells is better understood in process optimization terms. 
Therefore, some researchers adapt adherent cells to the suspended form to proliferate 
without anchorage or grow them on microcarriers [87], such as microbeads [150], or as 
clumps or aggregates [74] in traditional stirred-tank bioreactors. This thesis focuses 
only on anchorage-dependent cells grown on fixed substrates. Next, some cell and 
tissue models are introduced and the trends in current cell-based research are outlined. 

Nowadays, the basic functions and principles of the human body are understood. 
Unfortunately, as discussed previously, one cannot simply disconnect parts and study 
the response of a single output to a single input as one would do in control 
engineering. Therefore, scientists are trying to approximate as closely as possible the 
in vivo situation, but outside the body–i.e. in vitro.  

The use of animal tests is nowadays restricted by legislation. Various immortalized 
cell lines are still popular, but also these do not sufficiently closely model the in vivo 
situation. For instance, they cannot model developmental processes from early 
embryonic stages up to terminally differentiated cell types [208], [148] as they divide 
continuously until space or the supply of nutrients becomes limited. They can be kept 
for decades. Cell cultures demonstrating differentiated, mature phenotypes are crucial 
for understanding cellular functions and their regulation [147]. The choice of cells for 
models cannot rely on their ease of culturing, but should mainly focus on their distance 
from the normal tissue condition (in vivo condition) [208]. Therefore, more and more 
cell and tissue models utilize primary cells (e.g. cells isolated from a biopsy tissue), 
co-cultures and 3-dimensional models, or alternatively pluripotent stem cells [148]. 
Stem cells are researched also for their ability to transdifferentiate to unrelated tissues 
cells. At present, many difficult-to-culture cells rely only on the experience and skills 
of the operator, due to the difficulty of adapting a culture system to various cell types 
as they have different demands. 

In the next sections, several cell and tissue models will be introduced, starting from the 
most used one, immortalized cell lines, and then continuing through tissue slices and 
primary cells, 3D cell cultures, and barrier systems.  

Homogeneous Cultures of Immortalized Cell Lines 
The cells in the culture can be either homogeneous (of one type) or heterogeneous 
(usually co-cultures of various cell types and fibroblasts). For an example of a 
homogeneous culture, see Figure 3.1. 
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Figure 3.1: Neural cells SH-SY5Y. Scale bar 20 μm. 
 
Genetically engineered and immortalized cell lines allow the cells to develop specific 
characteristics in culture. Normal cells have a finite lifespan (cells become senescent 
and stop replication) in vitro [208]. The senescence barrier can be overcome, for 
instance, through transduction with DNA tumor viruses or telomerase coding vectors 
[208], and if successful, the property is then stably transmitted to daughter cells. The 
transformation has to be done carefully so as not to lose any other physiological 
properties. Immortalized human cells are highly interesting for various experiments 
and widely used in HTS.  

Tissue Slices 
Whole slices from a single organ can be placed in a culture [66]. Preservation of cell 
contacts and tissue architecture also in functional level are the major advantages of 
tissue slice cultures. However, reproducibility of protein content and cell number from 
slice to slice is hard to achieve. Nevertheless, tissue slices present a good 
approximation of in vivo situation. 

Primary Cell Cultures  
Several mechanical and enzymatic methods are used to isolate individual cells, which 
can then be grown as a primary culture [147]. These isolation methods present either 
chemical or mechanical stress respectively. Although establishment of new primary 
cell cultures is challenging and time consuming process, their share is expected to 
grow due to their unique properties (in comparison with immortalized cell lines). 

3-D Cell Cultures  
Utilization of 3-dimensional (3D) cell cultures can provide direct relationship among 
structure and function [59], [49]. This arrangement also allows for the preservation of 
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cellular interactions [208]. One of the application areas is the drug resistance tests in 
tumor therapy studies. Aggregating cell cultures, also-called spheroids, can be derived 
from several cellular types [208]. They can be grown on various supports such as 
gelatin sponges, agarose or collagen. Lately various other materials have been 
introduced too. Also in this case, the cultures can be homogeneous or heterogeneous.  

Barrier Systems  
Earlier, the direction was from tissues towards cells. Nowadays, this approach is 
inversed; the aim is at reproduction of tissue characteristics including cell-to-cell 
interactions [156]. Barrier systems are practically cultures, where several cell types are 
co-cultured at the same time, but unlike traditional co-cultures, they are each grown on 
a different surface. These advanced tissue models are usually grown in a 12- or 24-
well plate with a special insert (see Figure 3.2). The inserts vary from inert filters 
(such as polycarbonate), collagen sheets, silicon nitride membranes [62], through 
mesenchymal elements in collagen gels to nylon meshes.  

 

Figure 3.2: An advanced in vitro cell-based barrier model [after 198]. 
 

Several barrier systems have been developed over the years. One of them, the 
epithelial barrier, facilitates the understanding of epithelial absorption mechanisms. 
This barrier system is relatively simple and has reached a good level of optimization, 
and as such is well suited to standardization. Typically, the epithelial barrier is formed 
from differentiated keratinocyte cultures. These systems are very good models for the 
morphology and function of the original tissue and have been validated for in vitro 
skin irritation tests [208].  

Other barrier systems include an intestinal barrier, where cells derived from human 
colon carcinomas are grown on semipermeable filters or a blood-brain barrier system 
[55], [145], [173], where typically glial and endothelial cells are co-cultured.  
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Lately, a novel barrier or multilayer system has been developed based on microfluidics 
[165]. Also in this case, layers of cells of different cell types are placed in direct 
contact above each other, but here utilizing biopolymers as substrates.  

3.2 Analysis of Components for Environmental Control 
[II] 

Environmental control can be as simple as a heating incubator or as complex as an 
environmental box around a microscope with temperature, CO2 and humidity control. 
The typical medium exchange approaches are batch, fed-batch (discontinuous) and 
perfusion (continuous). Batch cultures contain only a single batch of medium. In 
traditional fed-batch approaches, the adherent cells are grown in flat flasks or on Petri 
dishes. A lab assistant changes the medium manually and then places the flask in an 
incubator, which provides accurate temperature control. There is no control over the 
nutrient consumption or well being of the cell culture until the lab assistant comes 
again.  

These tasks have been automated for large volumes of cell-line cells [88]. The 
automated systems are either based on well-plate technology and robotic handling 
systems or on bioreactors. However, these high-throughput systems have different 
objectives than maintaining the cells in conditions close to in vivo situation. The 
objective is typically either production of a certain product (for instance monoclonal 
antibodies) or fast cell growth. Therefore, also the control parameters rather focus on 
optimal environment for highest production yield than on the optimal environment for 
unaltered cell behavior. Also, if long-term experiments involving light microscopy are 
engaged, the target is actually to keep the cell number low (confluence of 70 %), as 
overlaying cell layers make such experiments more challenging. Therefore, these 
systems are out of the scope of this thesis. The thesis focuses further on perfusion 
systems. 

The following section describes culture medium and its typical constituents in Section 
3.2.1, various culture vessels used in conventional cell cultivation in Section 3.2.2 and 
further actuation and measurement instrumentation necessary for environmental 
control in Sections 3.2.3 and 3.2.4 respectively. 
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3.2.1 Culture Medium 

In vivo, the tissue fluid and the blood are the “culture medium”. It contains nutrients, 
serves as a thermal control, but also as a messaging system as it delivers information 
(stimuli) from other cells. In vitro, serum (commonly horse and fetal calf serum) is the 
closest substitute. The serum contains amongst others growth, attachment, and toxin-
binding factors. However, its exact composition is unknown and lot-to-lot content 
variations are high. That poses a great potential risk of introducing foreign agents or 
contamination to the processes (for applications see Chapter 7). To avoid these risks, 
well-defined and maintained process conditions and well-defined raw materials 
(chemical, biochemical or biological components used in the process) are necessary 
[68]. Once again, the scientists try to mimic nature and develop a liquid (culture 
medium) containing all the necessary components. Next, a few fundamental culture 
medium formulations will be introduced together with environmental parameters.  

Basic formulations such as modified Eagle’s medium (MEM) contain essential amino 
acids, salts and vitamins. Richer media such as Ham’s F12 also contain additional 
amino acids, vitamins, minerals and metabolites such as nucleosides. The main energy 
source in the defined media is glucose. In some cases (neuronal cells), the glutamate 
contained in basic media can decrease the viability of cultured cells. Therefore, 
modifications of basal media exist that do not contain glutamate.  

At first, cells have to get used to the lack of serum. That is usually done through 
conditioning, by gradually reducing the amount of serum and increasing the amount of 
defined media. Each cell type requires own mixture of components and as the testing 
of different defined media with different cell types is time consuming and expensive, a 
mixtures of defined media and serum are used. However, some cells can be fully or 
mostly grown in defined media, which allows better control over the processes in the 
culture. 

Apart from growth media, cells need oxygen to support their metabolism. The oxygen 
can be added to the culture either by direct dissolving, indirect gassing or gas overlay. 
Typically, 0,5 volumes of gas per volume of liquid per minute are required to maintain 
oxygen levels in mammalian cell cultures. The process of adding oxygen is called 
oxygenation. 
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3.2.2 Culture Vessels 

Most mammalian cells require a substrate to grow on. At first, glass coverslips and 
surfaces were used, but nowadays primarily polymers are preferred. One of the major 
polymers used in large scale cell cultivation is polystyrene (PS) with chemically 
minimized hydrophobicity. Synthetic polymers such as poly(ornithine) (PORN) and 
poly(lysine) (PL) are used for coating. 

In novel microfluidics-based cell cultivation devices, poly(dimethylsiloxane) (PDMS) 
has gained a lot of attention [112], [153], [77], [138], [141]. Researchers also use 
various geometrical [103] or chemical patterning techniques for instance to make cells 
to grow in certain areas only.  

While suspended cells are grown in vessels or tanks, adherent cells were grown firstly 
in Petri dishes and nowadays in culture flasks and well plates. Well plates are 
standardized and the size of wells decreases with increasing numbers of wells. With 
the introduction of microsystem technology, researchers started to use other formats as 
well. These include various silicon substrates or porous structures filled with 
extracellular matrix components such as collagen, laminin or fibronectin. In the 96-
well plate, the diameter of a well is about 6 mm, representing about 40,000 cells; on a 
cell array with a spot diameter of about 200 μm, the cell number is about 100-200.  

As biologists increase their demands, engineers are answering with more and more 
complex systems, which are able to address various areas of a culture vessel with 
different, but well defined concentrations of reagents or various compositions of 
media. Cell perfusion systems are then used not only to maintain the cell culture at 
defined environmental conditions, but also to study the response of cells to changes in 
the cell culture medium composition, to the flow or various other physical and 
chemical stimuli.  

With the progress of miniaturization and especially microfluidics, various novel 
approaches are developed around the world. They could be categorized as cells in 
microchannel [73], [169], [200], [166], cells on electrodes [60], [65], [172], and more 
traditionally, cells in wells [61], [179], [114]. Various drawbacks and benefits are 
associated with different systems. Here, some of them are mentioned.  

Firstly, these systems are built for a certain application area only and to the author’s 
knowledge a common platform outside the traditional well plate cassettes has not been 
successfully introduced onto the market yet. There is a big resistance from the end-
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users to acquire new platforms as processes change (including built-in automation) and 
standardization is costly. Therefore, the market accepts mostly well plates of 96-wells 
and higher [63].  

Cells in microchannels usually suffer from shear stress, or lack of oxygen and nutrition 
supply [204] or accumulation of metabolism waste products and consequently pH 
change in the environment. Therefore, if such an approach should be taken, a slow 
continuous perfusion has to be incorporated, where the temperature, pH, O2 and CO2 
are equilibrated prior to the introduction to the cell culture. An exception form cells 
that actually require higher shear stress, such as osteoblasts. 

Cells on electrodes allow an insight into cell culture behavior. The signals from the 
electrodes are, however, hindered by the quality of cell adherence and coverage of the 
electrode [198].  

There are only a few systems around the traditional format of well plates. Some groups 
miniaturize the wells [179], others further automate various stimuli delivery (for 
example [6]) or environmental control [114]. 

In general, when designing a culture vessel or culturing system, several issues have to 
be addressed. It must be possible to sterilize structures. It should either be possible to 
clean or should be disposable. Most of the biologists prefer optical access to the cells 
as well, and therefore transparent materials are preferable. In such a case, the 
fabrication method can also have influence on the optical path (e.g. autofluorescence 
and phase shift). Finally, the area in contact with cells has to be in many cases coated 
to enhance the ability of cells to attach to the surface.  

3.2.3 Actuation Instrumentation 

In general, two types of actuation are necessary for environmental control during cell 
cultivation – pumps and/or valves for the medium exchange and a heater for the 
incubation. The influence of medium exchange strategies on the cell signaling has 
been shown and discussed in Figure 2.2 of Chapter 2. As already indicated, the thesis 
focuses on perfusion systems. 

Perfusion 
Perfusion systems supply the medium almost or completely continuously, thus better 
mimicking the natural situation and thereby inducing less stress on the cells. 
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Generally, they still require manual preparations and consume large volumes of 
reagents. The whole system is supplied with a homogeneous mixture.  

In a simple perfusion cell culturing system, the liquid flow is achieved by a gravity-
driven flow [196], [113] or [73]. The structure may be open and no extra mixing of 
media and gas is used. The needed medium change (inflow) has been estimated 
beforehand.  

In a more advanced cell culturing system, there will be at least an active pump, the 
system will be closed and the mixing of media and gas will be done through 
semipermeable tubing.  

The most popular pumps are the peristaltic pump (noncontact) and the syringe pump 
(for exact dosing). Some researchers [169] have used centrifugal pumping, where the 
cells are grown on a disc that is slowly rotated. Some rely on micropumps [179], [80] 
that however, so far did not present very good reliability compared to, for instance, 
syringe pumps. For review of micropumps see [101] or [166].  

The most important requirements on pumps are low flow rate (to avoid shear stress), 
non-contact pumping or the possibility to sterilize, bubble and particle tolerance, and 
reliability. Here, non-contact pumping refers to pumps, where the pumped liquid does 
not come in direct contact with the interior of the pump, such as in peristaltic pump. 
For multiwell systems with simultaneously addressable wells, it would be 
advantageous to use either very small pumps or very small valves to direct the medium 
flow at the desired flow-rate and composition to a desired well.  

Valves can be built in the culture vessel or tubing structures or they can be devices 
which close the flow path externally. Some of the important parameters are leakage, 
speed of switching, reliability and size. Micro- and minivalves are not so commonly 
used in the systems compared to traditional external manual valves. 

Cell cultures in which the flow of media is continuous have to keep the amount of 
shear stress on the cells to a minimum [23]. As in other altered environmental 
conditions, increased shear stress may result in subtle changes in cell processes 
(hindering experiments) or may lead to a detachment of the cells from the vessel 
(disabling cell tracking) or even to cell death. That poses a challenging optimization 
problem, where on the one hand the flow should be high in order not to cause hypoxia 
and low nutrition and on the other hand the flow should be low in order not to cause 
shear stress. The shear stress is on the one hand determined by the liquid actuation 
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method and on the other hand also by the positioning of the inlets and outlets with 
respect to the cells. Various layouts have been developed. In more conventional 
vessels, the medium is delivered from the top [114], whereas in typical planar 
microfluidic systems, the medium is delivered from the side [175] and in 3D 
microfluidic systems, the medium is delivered from the side above compartments with 
cells [200], avoiding direct shear stress. 

There are a few commercial perfusion systems allowing partial automation also for 
HCS. However, the instrumentation of these systems is often large and the distances 
from storage tanks to the vessels, where cells are kept, are long. The long 
transportation paths and size of the tubing mean relatively large volumes needed. 
Moreover, in in vitro toxicology, where advanced cell experiments are increasingly 
replacing animal testing, there is a need for accurate delivery of the tested sample (for 
instance, toxic substance) into the well at various concentrations. Another example is 
stem cell research, where the goal is to differentiate the stem cells into a particular cell 
type by varying the cultivation media. As the number of tests increases and their length 
grows, it is essential that the use of reagents is reduced as these are costly and often 
not readily available. Therefore, mixing of the growth medium with the tested 
substance in a pre-defined concentration might be also required. 

The frequency of media change (and thus environmental conditions) needs to be 
defined for each cell type. Typically, cells are maintained at a pH of 6,8–7,2, but the 
value varies with the cell type [147]. To conclude, in addition to the composition of the 
culture medium, supply to the culture vessel also has to be carefully considered. 
Current systems are lacking on-line feedback to alter the flow rate according to 
changing conditions in such a way to ensure homogeneous distribution over all areas 
of the culture vessel. Adaptive medium supply is challenging, especially in emerging, 
complex tissue models. There is room for development for automation, control and 
microsystem engineering.  

Oxygenation 
Oxygenation is typically closely tied to the medium supply. The medium is mixed with 
5 % of CO2 (for pH level regulation) and 95 % of air (containing about 21 % of 
oxygen) using a semipermeable tubing [30] such as silicone. PDMS (poly-
dimethylsiloxane) [175], [105] has been proposed due to its ease of fabrication and gas 
permeability. Some groups also facilitate the micromixing possibilities on a chip and 
deliver a gradient of concentrations [195] of e.g. a toxin to determine its lethality. In 
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high-end incubators, the mixture of 5 % CO2 and 95 % of air is brought directly into 
the incubation chamber.  

Incubation 
The temperature control has to be more accurate than in fermentors. While microbes 
can grow at temperatures fluctuating over a range of a few degrees, mammalian cells 
should not experience fluctuations of more than a half a degree. The thermal control is 
usually accomplished with a heated medium inflow, or various heaters (e.g. resistors, 
heating mats, Peltier elements). The heating plates exist also in transparent versions, 
which are suitable for use with a microscope. However, the heating plate reduces the 
working range of the microscope significantly. Some environmental control systems 
for microscopy exist, for example see [134]. 

In some cases, cooling is also necessary (e.g. due to heating induced by a microscope 
or for insect or fish cells, which require colder environment). Some systems are still 
built such that they do not have any temperature control and have to be placed in an 
incubator. However in HCS, one of the interests is to grow the cells under a 
microscope and thus, built-in thermal control is a necessity. Humidity control avoids 
evaporation of media and keeps the lid condensation-free. It is typically achieved by 
liquid baths incorporated in the same closed environment with the culturing vessel. 

The required temperature is typically 37oC and there is a strict upper limit around 
41oC, which is the temperature at which proteins are denatured. There are temperature 
differences from well-to-well and also within each well. The well-to-well differences 
can be explained by well position, with central wells surrounded by other wells, 
whereas a well at the edge experiences greater heat dissipation into the environment. 
The differences inside a well have not been studied much so far. The manufacturers of 
incubators typically give the performance of the incubator only at its center, as it is 
difficult to maintain homogeneous temperature in the whole incubator volume 
(typically 55 L). Therefore, also the positioning of the well in the incubator influences 
the temperature differences among the wells. A test of a state-of-the-art incubator has 
been made and its results are presented in Section 3.3. 

Stimulation 
In newer systems, researchers are not only maintaining the cells alive, but are also 
delivering various stimuli to them [144], [142], [164]. In order to observe varying 
behavior of a cell, one has to stimulate or even modify the cell/cell population in 
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question, while leaving a control cell/cell population unchanged. As already outlined 
in Section 2.1, the stimuli can be electrical, mechanical (e.g. pressure [2] and flow 
[76]), thermal (to induce hypothermia) or chemical (e.g. low oxygen to induce hypoxia 
[71], [72], a toxic substance [195], [166], an inhibitor or a transmitter).  

While stimuli can induce certain behavior (for instance a cell division), modifications 
of a cell (such as gene kick-off) cause altered behavior (behavior that has not been 
observed or has not been possible before). Also, while stimuli can consist of short term 
impulses, cell modifications are more long term changes, which also have an influence 
on the next generation.  

3.2.4 Measurement Instrumentation [II and V] 

From the environmental control point of view, a minimum number of sensors are 
incorporated in state-of-the-art systems. The typical sensors include temperature 
control of the environment and CO2 measurement. Both are typically measured from 
the air in a closed chamber (such as an incubator). 

With the miniaturization of sensors, measurements of the medium become possible 
and therefore at-line dissolved CO2, dissolved O2 and pH measurements are being 
introduced. Other measurements have also been reported. They include cell viability, 
glucose, oxygen consumption, and more recently, also protein measurements [74]. In 
the case of glucose at-line sensors, for instance, the need for frequent recalibration is 
hindering implementation. 

Next, some of the chemical sensors are briefly introduced. The research in this field is 
very active. A thorough review would not serve this thesis, since the choice and 
implementation of the sensors are behind the scope of this thesis. 

Carbon Dioxide and pH 
The commercial growth media typically contain a pH indicator, which enables also 
simple optical evaluation of the acidity of the medium. The indicator is typically 
phenol red (PSP). The waste products produced by normal or dying cells or by 
overgrowth of contaminants will cause a change (decrease) in pH, leading to a change 
in indicator color. This is a convenient way to rapidly check on the health of the cell 
cultures for possible contamination or insufficient nutrition status. Since the phenol red 
has estrogenic effects and since the color can interfere with some spectrophotometric 
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and fluorescent assays, many types of tissue culture media are also available without 
phenol red [189]. 

More precise measurements are based on a Severinghaus-type sensor, where an 
electrode (typically RbO or PtO) is immersed in a fluid that is encapsulated in a 
membrane selectively permeable to CO2. At the electrode, CO2 is reduced and forms 
bicarbonate. This reaction changes the pH of the surrounding solution and can be 
measured potentiometrically. 

pH and carbon dioxide are interchangeable measurements in the cell cultivation. 
Carbon dioxide is soluble in water, in which it spontaneously interconverts between 
CO2 and H2CO3 (carbonic acid). The relative concentrations of CO2, H2CO3 and the 
deprotonated forms HCO3

- (bicarbonate) and CO3
2-(carbonate) depend on pH. In 

neutral or slightly alkaline water (pH > 6.5), the bicarbonate form predominates 
(>50%) [188]. 

Oxygen 
The O2 sensors are typically based on the Clark-type oxygen sensor and typically 
consist of a Pt electrode to catalyze the reduction (gain of electrons) of oxygen in 
water to H2O2. Reactions require two electrons from the electrode which move from 
the electrode to the chemical reaction, thus forming a current, which can be measured 
amperometrically. The driving electrode is called the cathode, the reducing electrode, 
the working electrode or the sensing electrode. Since the analyte of interest (oxygen) is 
consumed and is not available for the cell metabolic processes, an oxygen-generating 
electrode (Ag/AgCl) may be added, a so-called anode, counter electrode or reference 
electrode.  

Several groups are trying to miniaturize the reference electrode (see for instance [155]) 
and integrate them with the sensing electrode. Other groups such as [84], [32], and 
[91] focus on calibration issues.  

Glucose 
Glucose is usually measured amperometrically. It has to be in a form that can be 
reduced or oxidized and therefore, the enzyme glucose oxidase is used to convert 
glucose and oxygen molecules into hydrogen peroxide and a byproduct. At an 
Ag/AgCl electrode, the peroxide is converted to oxygen, two hydronium ions and two 
electrons. As in oxygen sensors, the generated current can be measured 
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amperometrically. The critical part is the immobilization of the enzyme onto the 
electrode. As mentioned earlier, this type of approach requires frequent recalibration.  

Field Effect Transistors (FETs) 
Chemical sensors using FETs are called ChemFETs. All ChemFETs measure surface 
charge changes at the interface between the insulator layer and the overlying layer. 
Changes in surface charge result in changes in the work function that are in turn 
measured as a change in transistor threshold voltage. A reference electrode (REFET) is 
used as a connection between the tested solution and the cathode. The size of REFET 
and selection of membrane typically present the biggest challenges. Researchers also 
try to simplify the production process so that CMOS processes can be used. 

A subgroup of ChemFETs, that has already penetrated the markets are ion-sensitive 
FETs (ISFETs). They are characterized by the absence of an explicit gate material; 
instead, a chemically sensitive layer is used. If an enzyme is used, the sensor is called 
enzyme selective FET (ENFET).  

Further miniaturization and its influence on the sensitivity of ChemFETs is discussed 
in [26]. An excellent review of ISFETs by the “originator” of the field, P. Bergveld, 
can be found in [9]. 

Hydrogel-based Sensors 
Certain hydrogel materials swell reversibly and to varying degrees in response to 
specific concentrations of certain solutes. This swelling corresponds to the amount of 
force that the gel exerts on a pressure-sensing diaphragm. The deflection of the 
diaphragm is measured for instance by means of a piezoresistive bridge, which is 
registered as a change in voltage. The gels can be functionalized to swell in response 
to concentration changes of protons, glucose and salts in solution. An example of a 
pH-sensitive hydrogel for CO2 detection without reference electrode is reported in 
[67]. 

Fluorescent Indicators 
Fluorescence spectra and quantum yield are generally more dependent on the 
environment than emission and absorption spectra. Interactions either between two 
adjacent fluorophores or between a fluorophore and other species in the surrounding 
environment can produce environment-sensitive fluorescence [64]. Such fluorescence 
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probes can be then used for detection of, for instance, pH. Ratiometric fluorescence 
measurements can be used to calculate ion concentrations. 

The ion indicators available, based on the largest manufacturer of fluorescent probes 
[64], are sodium, potassium, chloride, pH, calcium, magnesium and zinc. Other 
analytes of metabolic interest are NADH, FAD (flavin adenine dinucleotide), ATP and 
oxygen. Some of the latter analytes are intrinsically (by nature) fluorescent. 

Spatial Chemical Sensors 
As single sensors can only probe a certain area, various approaches to achieve spatial 
measurements, such as the scanning electrochemical microscope (SECM) [98], have 
been developed. The purpose of these spatial measurements is to discover various 
gradients and dynamic behavior within a cell culture. 

Perhaps the most popular of the spatial techniques are the microelectrode arrays 
(MEAs) that can be used to examine the activities of whole cells and tissues. 
Typically, they are used with electrically active cells such as cardiac and neural cells. 
For more information on microelectrodes and their applications, see [97] or [167] and 
for a review, see [127]. 

In some cases, ion-selective microelectrodes are used in arrays to measure parameters 
such as intracellular pH [143]. Interdigitated electrode structure (IDES) have also been 
reported. Often they are produced from the transparent material, indium tin oxide 
(ITO), to allow for optical path (for microscopy-based studies) and measure 
impedance, but also pH and pO2. 

Conclusion 
As the number of measured parameters is increasing, researchers are combining 
sensors to achieve multiparameter sensing [185], [102], [7]. These reduce the space 
needed for sensing and thus allow measurements closer to the process. Also 
multiparameter optical measurements in parallel are possible but demanding on the 
wavelength filtering of the optical signal. On the other hand, sequential measurements 
with a spectrometer are possible. One such an example is described in [199], where 
CO2, viability, and pH are measured. This type of measurement is suitable for on-line 
measurements and control of growth and/or production. 

As there is no perfect solution, combinations of different techniques are used. An 
example from [8] measures the cell culture environment with classical sensors and 
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indirect optical measurements. It also compares classical methods for pH, CO2 and 
temperature measurements. 

3.3 State-of-the-Art Performance (IV) 

The cell-based experiments typically rely on traditional incubators in between the tests 
of the same cell culture. Therefore, it was necessary to measure the performance of an 
incubator as a comparative measure of the state-of-the-art. Therefore, this section 
presents a study on the temperature conditions on a cell culturing well plate placed in 
an incubator. The temperature is monitored using a system developed for this purpose.  
The study includes the effect of the location of a well in the plate, the effect of the 
location of the plate in the incubator and the effect of disturbances caused by door 
openings and off-incubator experiments on the temperature. 

As discussed in Chapter 2, the effects of temperature changes on the cell metabolism 
rate are indisputable. At lower temperatures, the rate is slower. On the other hand, 
higher temperatures (above 41oC) have a harmful effect on proteins and thus, can even 
cause cell death. Both high and low temperatures thus cause stress on the cell. Even if 
the temperature differences are subtle, they may –in sensitive cells– cause behavioral 
changes, which are invisible using microscopy and are especially important to consider 
in various gene and protein expression analyses.  

This section further focuses on the performance evaluation of a state-of-the-art 
incubator and its methodology. The hardware and software is described in 
Section 3.3.1, while the methods are discussed in Section 3.3.2. The results are 
presented in Section 3.3.3 and conclusions are drawn in Section 3.3.4. 

3.3.1 Materials 

The material part of the section is divided into hardware and software parts. The 
hardware section describes the manufacturing of a 24-well plate equipped with a set of 
temperature sensors. The software part describes the signal conditioning and data 
handling. 
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Hardware 
A standard 24-well plate (NUNC) was used as a platform for the system. The use of a 
standard well plate ensures the validity of the performed tests for cell biologists. 
Thermistors (10K3A1AM by Betatherm) were used as temperature sensors and were 
chosen based on their sensitivity and suitability for medical use. Due to the limited 
number of channels on an A/D card (PCI-6036E by National Instruments), seven 
thermistors were mounted in different wells of a well plate and one was mounted on 
the side of the well-plate for measurements from air. The locations of the sensors are 
illustrated in Figure 3.3. Sensors A to G measure the temperatures in the wells, while 
Sensor H measures the air temperature outside the plate. Since the wells are filled with 
medium during cell experiments, the wells in the center –surrounded by other wells–  
have different thermal properties than those on the edge. Therefore, the sensors were 
placed in different locations within the standardized well.  

In order to measure in the place of interest, i.e. where the adherent cells grow, the 
sensors were mounted on the bottom of the wells. A cross-section of a mounted set-up 
is shown in Figure 3.4. The thermistors are protected by a waterproof coating 
(Wepuran VU 4453/101 WR by Lackwerke Peters), which ensures the stability of the 
thermistors fully immersed in liquid for extended periods of time. 

 

 
Figure 3.3: The distribution of the sensors in a standard 24-well plate. 
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Each thermistor was connected to a Wheatstone bridge. The electronics on the side of 
the well plate was encapsulated in epoxy in order to avoid miniature cavities that could 
accumulate the ethylene oxide (EtO) used for sterilization. EtO sterilization was 
performed in a standardized process at the Tampere University Hospital. 

Software and Data Handling 
A soft cable was used for the connection of the well-plate with the computer and a 
power supply. Both inner and outer door of the incubator were closed. The thermistors 
are supplied with a voltage of 5 V from a precision power source (Switchbox 
6303DS). The signals from the thermistors are firstly conditioned in a Wheatstone 
bridge and then discretized using the A/D board. The signals are recorded using an in-
house designed LabView-based software.  

Signals from the Wheatstone bridge (-5 to +5 V) are translated to temperature 
according to the thermistor characteristics using a second-order polynomial. The data 
was recorded online, but was further processed off-line using MatLab (by 
MathWorks). A built-in median filter is applied to the data, followed by further 
analysis. 

3.3.2 Methods 

Two tests were performed – the verification and the actual incubator tests. The 
objective of the verification tests was to verify the performance of the sensors after 
sterilization. The objective of the incubator tests were the measurements of the 
performance of the state-of-the art incubator. The methodologies for both tests are 
described in this section. 

 
Figure 3.4:  An illustration of the sensor mount. 

 



  49 

   

Verification Tests 
Since the thermistors are of medical grade, but are not intended for long-term use in 
liquids, protective steps had to be taken. Previous measurements with micro-
thermistors of a different brand have shown that thermistors insufficiently isolated 
from moisture will work well for a short time, but their performance will degrade with 
time.  Therefore, the thermistors for this setup were coated with a waterproofing 
lacquer, which on the one hand protects them from the environment, but on the other 
hand may slow down the response time. Thus, only a thin layer was applied and the 
performance of the sensors with and without coating in liquid in a precision heating 
oven (Binder) was measured. The thickness layer was not determined, as the dip 
coating is not fully uniform. However, the thickness is << 1 mm.  

The performance of the system was measured before and after sterilization, in order to 
verify the compatibility of the electronic components with the EtO sterilization 
process. The measurement was performed in a precision heating oven with empty 
wells (in the air) and with wells filled with liquid. The test involved both step-up and 
step-down tests from room temperature (RT) to 37oC and back to check the most 
significant measurement range for incubator performance testing. 

Response time tests were also performed both before and after sterilization. The 
response time tests were made at RT with empty wells. The wells were suddenly filled 
with a liquid of high temperature and the time required for sensor response was 
determined. 

Incubator Tests 
After the sterilization, the system was installed in an incubator of the Cell Research 
Centre of University of Tampere. A figure of the set-up can be seen in Figure 3.5. The 
tested incubator is routinely used for adherent cells and controls both temperature and 
CO2 levels. The set-point of the incubator was set to 37,1oC. The temperature in 
different wells was recorded by our system in a 2-day experiment and reference 
measurements were taken at certain time points using a glass thermometer immersed in 
liquid and a standard thermocouple of a multimeter (Fluke).  

Two tests were running simultaneously - a positioning test and a door-opening test.  In 
the tests, the tested well plate was manually moved to different places in the incubator 
(top and bottom shelf, left, centre and right positions). In this test, the differences in 
the temperature distribution in the incubator were sought.  
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Each time, the well-plate was moved to a new position, the doors of the incubator 
would have to be opened and thus, the situation simulates an experimental situation, 
where a researcher goes to pick up cells for further analysis. By opening the door, s/he 
changes the temperature of all the other cells in the incubator. This tests simulates such 
a situation. 

3.3.3 Results 

Verification Tests 
From the assessment of the influence of the waterproof coating used on the 
thermistors, it is clear that the coating actually improves the performance of the 
thermistors in liquid. The signal from the coated sensors is less noisy as the possible 
short-circuiting of the sensor legs is fully avoided by the coating.  

measurement 
well plate 

incubator 

verification 
thermometers 

fan 

 
Figure 3.5: Measurement set-up in an incubator. The measurement well plate is 
placed on a top shelf next to a set of verification thermometers.  A fan above the 

shelf is visible at the top of the picture. 
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 The measurements performed with the system after sterilization indicate no changes in 
the performance of the system. For example, the step-up response of the system is as 
swift as before the sterilization (see Figure 3.6). Therefore, it can be concluded that 
sterilization has not affected the system. Furthermore, the step response experiments 
indicate the response time (1,2 seconds) of the coated sensors is sufficient for the 
incubator studies.  Since the changes are expected on the level of minutes due to the 
capacitive properties of the liquid in well, the system is sufficiently fast. 
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Figure 3.6: The step-up response before sterilization (right set of curves) has been 

tested at a slightly lower temperature than the one after sterilization (left set of curves). 
Each sensor was tested independently; hence, the rise does not start from the same 

time point. In both cases, the rise time is 1,2 seconds. A-G refer to sensors in the wells 
in accordance with Figure 3.3. 
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Incubator Tests 
The data collected from an incubator over a 2-day period are depicted in Figure 3.7. 
The manufacturer promises a temperature deviation of ±0,1°C. It can be seen that the 
system in steady-state is well able to maintain the temperature even within ±0,025oC. 
However, since the system is not allowed to overshoot (due to possible damage of 
biological materials), the recovery of the system is quite slow.  
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Figure 3.7: The whole set of data from the incubator over 47 hours. As shown in the 

enlargement, the steady-state of the incubator is very good.  A-G refer to sensors in the 
wells in accordance with Figure 3.3. H is a sensor situated in a bulk of epoxy at the 

side of the well plate measuring the temperature of the environment. 
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In the positioning experiment, the well plate was moved to different locations within 
the incubator. The place on the shelf (left, centre, right) as well as the shelf (high, low) 
were changed. In this test, there were no significant correlations between the place and 
the temperature distribution revealed due to the long recovery times of the system (see 
Figure 3.8). At the set-point of 37°C, the manufacturer promises recovery times under 
10 min to 98 % of initial value, i.e. to 36,25 °C, if the door is opened for 30 seconds. 
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Figure 3.8: A positioning experiment, where the well plate was placed in different 
locations within the incubator. The blue stars indicate times when the door of the 

incubator was opened. The time of opening was approximately 5 seconds, only in the 
last case, the door was intentionally kept open for 5 minutes.  A-G refer to sensors in 

the wells in accordance with Figure 3.3. H is a sensor situated in a bulk of epoxy at the 
side of the well plate measuring the temperature of the environment. 

 



54                                    Chapter 3 Environmental Control in Adherent Cell Culture 

When looking closer at the recovery times of the incubator (Figure 3.9), one can notice 
that the system cannot recover from a brief door opening (5 seconds) even in 
30 minutes. The door opening times simulated the normal operating situations based 
on the experience of the laboratory technician.  It is true that a single opening causes a 
change of only 0,2oC, which is within the manufacturer specifications. However, with 
every next opening within the recovery phase, the temperature difference is growing. 
As can be seen, the incubator reacts to larger temperature drops more vigorously. 
However, due to the strict upper temperature limit, the time to full recovery remains 
slow.  
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Figure 3.9: The grey bars indicate the opening of the door and the red line represents 

the temperature measured in well C. Note that the well is filled with liquid and that the 
sensor is placed at the bottom of the well, hence this temperature is not the temperature 
of the air in the incubator, but the temperature which the cells would be experiencing. 
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In rare cases, the researchers place their cells into medium of room temperature instead 
of thermostated medium. A similar situation was simulated during the experiment. As 
shown in Figure 3.10, the rise time of the liquid temperature in the wells is about 30 
minutes. The cells reach 37 oC within 3 hours after the placement of the well plate into 
the incubator. This time includes also one opening of the door. Wells A, B and F do 
not experience the strong temperature drop during the door opening that the other 
wells do, since they are positioned deeper inside the incubator than the remaining 
wells. 
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Figure 3.10: The start-up time of the incubator to heat up the well plate with liquid of 
room temperature.  A-G refer to sensors in the wells in accordance with Figure 3.3. H 

is a sensor situated in a bulk of epoxy at the side of the well plate measuring the 
temperature of the environment. 
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Often, cell-based experiments are performed outside of the incubator (for instance 
under a microscope). In such cases, one should bear in mind the immediate 
temperature drop in the well plate. The smaller the volume of the well plate, the 
smaller damping for the environmental changes. As an example, a 24-well plate has 
been kept in a constant temperature of 37oC and then retrieved and left at room 
temperature. As can be seen in Figure 3.11, even in 10 minutes, the temperature in a 
well can drop by 5oC.  

The visible non-homogeneity of the rates at which the temperature decreases results 
from the location of the well. In general, wells at the centre are better due to the 
protective warm surrounding provided by other wells. In our experiment, also wells F 
and G also perform better, due to the block of electronics embedded in epoxy, which 
serves as a capacitor. As expected, sensor H placed in the epoxy, close to the surface, 
cools down fastest. The results indicate that the location of the well is important and 
that there might be slightly different conditions during an experiment between the 
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Figure 3.11: The effect of retrieval of cells from incubator. A third order polynomial 

fitting for the C sensor is plotted as well.  A-G refer to sensors in the wells in 
accordance with Figure 3.3. H is a sensor situated in a bulk of epoxy at the side of the 

well plate measuring the temperature of the environment. 
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wells even on the same well plate. This is a significant result that generally is not 
accounted, when setting up databases (as indicated in Chapter 2). 

3.3.4 Conclusions 

The state-of-the-art performance of a high-end incubator is very good. The opening of 
the door results in a temperature change of less than a degree. The recovery from the 
disturbances is more difficult to achieve than the maintaining of high performance in 
steady-state control.  

Since cell experiments require medium exchange and other maintenance requiring 
retrieval of the cells from the incubator, which affects the temperature of other cells in 
the incubator, temperature control is an important property. Some manufacturers are 
attacking this issue by compartmentalization (separate doors to different sections of the 
incubator) which reduces the effect on other on-going cell experiments. Such systems 
are however, more costly and therefore not much seen in practice.  

Also, experimental systems for live cells and tissues are not always possible to be 
placed into high-end incubators. On the other hand experimental systems that do not 
have embedded environmental control cannot provide reliable repeatability of the 
experimental conditions and therefore, the same experimental procedures cannot be 
applied directly in different laboratories. Therefore, experimental systems have to 
embed environmental conditioning.  

3.4 Conclusions 

Chapters 2 and 3 have shown the importance of measurements during cell cultivation. 
These measurements have to be integrated with the cell cultivation platform, which 
also contains various actuators. The integration of all of these onto the same platform 
promotes miniaturization of the components. In the next chapters, a system proposal is 
presented. Its functions and components are analyzed. Possible risk areas are further 
analyzed in Chapters 5 and 6. 

 

 



 



 

Chapter 4. System Proposal 
 

Based on Chapters 2 and 3, it is clear that a new type of system for environmental 
control is needed. Future cell experiments cannot solely be based on traditional 
incubators and cannot reliably work without precise environmental control.  

The identification of risks has been done through careful analysis of the components of 
the proposed system as well as functions. This chapter commences with a requirement 
analysis in Section 4.1, followed by the system description in Section 4.2. The function 
analysis in Section 4.3 considers the main functions of the system – the heating, the 
oxygenation, and the perfusion. The component analysis covering the functional lid, 
pumps and valves, sensors and control system is in Section 4.3. Section 4.5 concludes 
this chapter. 

4.1 Functional Requirements Analysis 

As discussed in Section 3.2, the cell cultivation system should enable perfusion, 
oxygenation, and incubation. The stimulation can at first be achieved using medium 
as the carrier of chemical stimuli.  

As discussed in Chapter 2, in order to be able to observe outputs related to desired 
inputs, one has to be able to cancel out other inputs and outputs related to the normal 
behavior of the cell. To do so, a control population is necessary for the differential 
analysis, which however cannot on its own ensure that the cells indeed had the same 
conditions even if both populations were on the same well plate. The minimum 
requirement for the compatibility of the conditions is the measurement of each well 
(passive observation). Ideally, the environmental conditions are actively controlled in 
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each well. The minimum required measurements are the pH or CO2 and temperature. 
However, glucose and pO2 are recommended as well. 

Such a system allows standardization of the conditions for a certain experiment, 
which further ensures the compatibility of data for future data mining for systems 
biology purposes, for instance. 

The system should be suited for adherent cells, as the current research interests are 
turning towards mammalian cells, in particular to more sensitive cells, such as primary 
and stem cells. It should also be possible to accommodate newly developed cell 
models (such as barrier models). 

Many engineers do not bear in mind that any new technology entering the biology 
field has to be validated with the previous one to establish a measure between them. 
These comparisons are important, as biologists around the world work with different 
equipment and the results have to be available to others. Therefore, the system should 
be based on a standardized platform, such as a well plate. At the same time, the 
standard format should be consistent with current systems and allow for validation 
(for instance using fluorescence).  

The virtually constant monitoring of the cells also promotes the HCS methods 
employed for cells whose properties change over time, such as stem cells. Obviously, 
it must be possible to sterilize the system or make it disposable. In contrast with the 
latest developments, the system should not be application-restricted, but rather provide 
a common environmental platform for studies on living cells. 

4.2 System Description 

The author proposes a system (see Figure 4.1) that has been conceived together with 
toxicologists and cell biologists. Moreover, some of the Finnish pharmaceutical 
companies have been consulted as well. The proposed system is based on a 
standardized well plate (in this case 12- and 24-well plate), in which each well is 
addressed separately. Each well has its own sensors and fluidic connections and thus 
can be controlled individually. This solution allows also traditional optical access to 
the cells and thus validation through well-understood experiments utilizing e.g. 
fluorescent labels. 



  61 

   

In contrast to unconventional microchannel-based platforms and similar, the proposed 
hybrid system should encounter reduced market resistance, as it relies on the well-plate 
format and therefore ensures compatibility with current systems. Moreover, it can be 
adjusted for the latest research developments in cell biology such as the barrier 
systems, as it can accommodate the inserts. 

Figure 4.1 shows a simplified schematic diagram of the proposed cell culturing system. 
Each of the well has a unique input and output for medium. The medium is premixed 
with a mixture of 5  % CO2 /95 % air and is preheated to adequate temperature in order 
to use the medium for heat transfer and thus, temperature control of the well. The 
tested substance can be delivered via medium or can be stored directly in the well 
plate. All actuators (heater, valves and pumps) are controllable. The measurements are 
used as a feedback for the control of the environmental conditions. The chemical 
measurements are performed in the outlets. The global measurement is obtained 
directly from the wells using light or fluorescent microscopy. 
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Figure 4.1: A simplified schematic diagram of the proposed cell culturing system, in 
which each cell culture is addressed individually with medium conditioned according 

to measurements also performed at individual cell culture level. CC = cell culture.  
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4.3 Function Analysis 

In the following section, the main functions of the proposed cell cultivation system are 
introduced. As already discussed, the most important functions of a cell cultivation 
system are the temperature and nutrient maintenance. Starting with the incubation in 
Section 4.3.1, the section further focuses on oxygenation in Section 4.3.2, and 
perfusion in Section 4.3.3. The function analysis of measurements is not included in 
this thesis as that area is too wide. 

4.3.1 Incubation 

In the proposed system, heating of the wells is accomplished using the growth medium 
as the heat transfer medium. The growth medium itself limits the temperature ranges 
that can be used in such a system. In its liquid form, the growth medium is typically 
stored at 4oC, which should also be the case here. Once the medium enters the lid of 
the well plate, it is split into separate channels. Each channel supplies only one well. 
Since the volume of medium is small and the intended mass flow-rates are low, it is 
reasonable to heat the medium directly in the channels. The maximum temperature it 
can safely be heated to is 41oC. Higher temperatures might damage the protein content 
of the medium. 

Heating in the channels can be realized using different technologies. Perhaps the 
easiest would be resistive heating using a coated wire in the channel. Another option is 
the use of Peltier elements or resistive heating pads. All these solutions are readily 
available in different sizes and powers and only have to be implemented for the array 
of channels. 

The amount of heat transferred into the medium can be controlled in two ways. Firstly, 
by changing the pumping speed, the residence time of the medium above the heater 
can be controlled. Secondly, by directly changing the heating power, the amount of 
energy can be controlled. An important aspect to consider is the pumping speed, as 
with slow flow-rates, the heat dissipation from the channel into the environment 
increases. Hence, both the heating power and the pumping speed have to be adjusted 
for optimal results. 

In some cases, such as frequent use of microscopy, the medium in the well is actually 
heated to higher than desired temperatures and cooling is required. In the proposed 
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system, this can be easily dealt with using the incoming cold medium and reducing the 
heating power, which results in lower temperatures. 

If the environment around the well does not have a stable temperature (such as large 
laboratories with air-conditioning), the whole system should be placed in a protective 
box, which on the one hand avoids undesired disturbances from the surrounding 
environment and on the other hand reduces the heat flux from the wells into the 
environment, thus reducing the pumping and heating need. 

4.3.2 Oxygenation 

Most cultures require the mixture of 5 % CO2 and 95 % air. The oxygenation is 
typically accomplished using gas permeable tubing containing the medium, which is 
running through a chamber filled with the gas mixture. In this way, the gas enters the 
tubing and oxygenates the medium. The amount of CO2 dissolved in the medium 
changes with pressure and temperature.  

In the proposed system, PDMS material has been favored for its permeability. That can 
be used with advantage for the oxygenation. The oxygenation area can either be 
located in the heating region or in the region directly above the wells. 

4.3.3 Perfusion 

Perfusion of the wells means the delivery of nutrients into the wells. In the proposed 
system, it is accomplished by continuous or pulsating pumping (pumping options are 
discussed later in Section 4.4.2). The input into the well is expected to have an 
important effect on the mixing and homogeneity of the nutrient distribution. Also 
multiple inputs or inputs entering the well at different angles might assist the mixing of 
the medium in the well. True mixing, such as in stirred reactors, is not desirable. It 
might cause excessive shear stress and detachment of the cells.  

It is probable that the heating demand is higher than the actual nutrient demand. 
Therefore, it might be beneficial to recirculate part of the medium through another 
heating loop and return it back into its well (to avoid cross-contamination). The 
recirculation ensures sufficient signal levels for intercellular communication, which 
would be otherwise removed too fast from the well.  
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4.4 Component Analysis 

The proposed system comprises of a functional lid, and measurement and liquid 
actuation components. The components and the functions of the system are further 
analyzed with respect to different possible solutions. As first, the functional lid is 
introduced in Section 4.4.1. The pumps and valves are discussed in Section 4.4.2, 
followed by the sensors in Section 4.4.3. The control system is briefly sketched in 
Section 4.4.4. 

4.4.1 Functional Lid 

 The hardware heart of the system is a cartridge, which is placed as a lid on top of a 
conventional well plate. Figure 4.2 depicts a schematic view of the proposed cartridge. 
It provides fluidic connections (medium input, input of substance to be tested, output 
to waste), electrical connections (from sensors to outer world) and mixing. The main 
functions are oxygenation, incubation (heating), perfusion and measurements. As the 
medium exchange is accomplished without opening of the lid, the system is prone to 
be more secure in regard with mycoplasma and other undesired contaminants. 

Figure 4.2: A cross-sectional and a top view of the well plate with the electronically and 
microfluidically enhanced lid. 
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The lid allows for optical access of the light from the microscope. In order to maintain 
the sterility of the cell cultures, the lid has to be sterilizable. The channels have to be 
cleaned between uses or, alternatively, the lid should be disposable. 

From the hardware point of view, the lid is composed of two layers, a fluidic layer 
with microchannels and attached liquid inputs and outputs and a signal layer with 
embedded sensors, heaters, wiring and possibly internal passive or external active 
microvalves. An extra layer for oxygenation should be either added to the lid as a third 
layer or in the heating area as a block. The third layer would be added in the case of 
medium recirculation, while the block oxygenation would be used in the case of 
classical perfusion. 

Several material options were considered. Both hard and soft transparent polymers are 
a clear choice. Since oxygenation is a vital function of the system, 
poly(dimethylsiloxane) (PDMS) with its premium permeability properties has been 
chosen as the preferred material. The material evaluation and the processing methods 
are discussed further in Chapter 6.  

4.4.2 Pumps and Valves 

In order to maintain a low flow of medium in and out of the well, a multichannel pump 
or an array of micropumps should be utilized. If all the wells are to be controlled 
individually, an individual pump or valve for each well is necessary. Actually, two 
actuators per well are necessary – one for the flow in and one for the flow out. Next, 
several pumping and valving options are described. 

Typically, analytical chemistry relies on syringe pumps for their precision dosage 
performance. These pumps are programmable and offer also a multichannel 
possibility. The liquid is stored in a syringe, which is mechanically compressed at a 
preprogrammed rate. The syringe pumps are relatively large and quite expensive. 

A cheaper option for a non-contact pump is a peristaltic pump. Peristaltic pumps 
cannot provide precise dosage since the soft tubes that are compressed in a peristaltic 
action age and thus, change their properties and pumping efficiency. Peristaltic pumps 
exist in multichannel versions and better types can be controlled via a computer. Also 
in this case, the use of tubing makes the system clumsy and reduces its compactness. 
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Micropumps would be a tempting solution due to their small size and thus, possibility 
to make arrays of the micropumps. So far, according to the author’s knowledge, none 
of the micropump types have reached sufficient reliability for long-time applications. 
Moreover, the contact mechanical micropumps, where the liquid goes through the 
micropump, would not be suitable due to the debris formation from the cell waste. 

A pneumatic system could be used with advantage in connection with the elastic 
properties of PDMS. Instead of an array of micropumps, an array of microvalves could 
be used to control flow, see [183] and [83]. That would also allow a cheaper solution, 
since external microvalves could be reused with different systems. Pneumatic 
microvalves [80] could also offer an interesting solution, since pressurized CO2 could 
be directly used as the pressure medium for the microvalves. 

An interesting approach might be also to integrate active materials into a PDMS 
membrane and control the enhanced areas in a non-contact way, using optical or 
magnetic energy. However, the external energy should be well focused or otherwise 
not interact with the cells. Such microvalves could be used to regulate the flow in a 
certain region, but could not fully close the microchannel. 

This section has introduced some of the possible solutions for pumping and valving for 
the proposed system. These solutions are not commercially available and therefore, 
must be developed as customized miniaturized components. However, as has been 
shown, many groups have succeeded in their development and therefore, the use of 
miniaturized valves and pumps in the proposed system is feasible. 

4.4.3 Sensors 

As discussed in Chapters 2 and 3, the environmental sensors are another essential part 
of the system. These environmental sensors primarily include temperature, pH and 
pCO2, and can also include pO2 and glucose. In fact, if the system were only equipped 
with environmental sensors recording the measurements, it would be a considerable 
step forward in standardization of in vitro testing.  

In the proposed system, these environmental sensors are not placed inside the wells, 
but on the inlet and outlet channels. Thus, they preserve the well specificity, without 
reducing the optical access to the well or interacting with the observed cells. The main 
idea is to implement computational models developed in a way to be described in 
Section 5.8, where a temperature soft-sensor is realized.  
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The main signal processing challenge in this area will be the chemical sensors, due to 
their non-linear behavior as well as non-linear behavior of the analytes with changing 
surrounding conditions, which will be demanding for the modeling. On the other hand, 
other measurements will allow better insight into the surrounding conditions and will 
enable models based on a sum of the sensor responses.  

Another challenge has a hardware character and relates to the calibration of the 
sensors. The pH sensors have improved significantly over the years as the frequency of 
recalibrations was reduced. As for the other sensors, although there are many CO2 
sensors, only a few miniaturized sensors suitable for immersion applications exist. In 
general, pCO2, pO2 and glucose sensors typically require frequent recalibration or their 
changing behavior would have to be taken into account in the models as well. From a 
hardware point of view, a separate set of channels across the sensors could facilitate 
the recalibration (see Figure 4.3).  

 It is likely that the length of the channel from the well to the measurement point has 
an influence on the value of the measured variable. The shortest distance from the well 
to the measurement point is 3 cm and the longest one is 10 cm in the case of a 12-well 
plate. Therefore, distance compensation areas have to be implemented before and after 
the well in order to make the channel length equal for each of the wells. An example of 
such a channel length compensation area is in Figure 4.3. 

Different sensors are required for different applications. These application-specific 
sensors are typically chemical sensors explicit for a specific cell function (such as urea 

 

inlet outlet 
distance 

compensation 

sensor area 

possible 
calibration 
channel path

sealing ring 

C1 C2 C3 C4 B1 B2 B3 B4 A1 A2 A3 A4 C1 C2 C3 C4  

Figure 4.3: A scheme of one set of wells (A1, B1 and C1) with indicated calibration 
channel path. The different channel lengths (e.g. from input to the wells C1 and C4) 
are compensated for as depicted on the left. 
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for hepatocytes). These analyte-specific sensors can either be based on fluorescence, 
which is easily achievable with the proposed system, electro-chemical sensors and 
even on separation systems. The latter would require a repeatable sampling method to 
be developed. 

An easily implemented global sensing system is the use of light microscopy. Its use 
even without fluorescence can directly give feedback on the confluence, cell count or 
viability of the cells (see [3] and [174]). Also, time-domain microscopy can detect 
changes in behavior of the cells. This type of solution is easy to implement in the 
proposed system, but is heavy on the computational algorithms and especially on the 
data storage. However, it is a valuable tool for cell researchers, since morphological 
changes can often be related to changes in measured analyte levels. 

4.4.4 Control System 

The control of pumps and/or valves is based on measurements. The measurements 
serve as a feedback loop and dictate the heat and nutrient demand. The signal 
processing of the system is schematically depicted in Figure 4.4. The wet path flows 
from left (storage) to right (waste). The two main actuator sets are the pump and the 
heater. They are controlled based on the range of measurements made in the medium.  

Each set of actuators requires a set of measurements for decision making. The situation 
for one well is depicted in Figure 4.5. The control signals of the actuators are used as 
inputs for calculations of control signals for all other actuators. In the well plate, 
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 Figure 4.4: The measurement and control signal scheme. 
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surrounding wells influence each other, for instance, in terms of heat and therefore, if 
large temperature differences between wells on the same well plate should be required 
then the temperature information of the surrounding wells has to be shared with all the 
neighboring wells.  

 PC Tamb 
Tin 

Tout 
Th 

pHin 
pHout 

 
Heating power 

 
Nutrient status 

 

 
Pump speed 

pO2 
Other chem. meas. 

Cell count 

Control signals 

Values for well n. 

 

Figure 4.5: A simplified scheme of the measured variables and their use for control of 
the actuators. Tamb=ambient temperature, Tin=temperature on input, Tout= temperature 
on output, Th= temperature at the heater, pHin=pH on input (necessary only if medium 

is to be modified), pHout=pH on output, pO2=dissolved oxygen. 

 

4.5 Conclusions 

The proposed system has been described in this chapter. Its functions and components 
have been assessed. Most of the considered issues such as various heating and 
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pumping strategies or the recirculation of medium can be regarded as minor risks to 
the successful realization of the proposed cell cultivation system. They are solvable 
through testing, optimization and re-design. 

However, there are also some major risks, which could lead to a failure of the whole 
idea. The extent of this thesis could not cover all areas and the development of the 
whole system would require extensive financial and human resources, which the 
author believes to be available only in a large project involving international co-
operation. 

Therefore, this thesis further focuses only on the major risks. These include the 
suitability of the material, the heating demand versus the shear stress and the 
temperature homogeneity. A test bench for evaluation of these risks has been 
developed and is described in the following chapter.  



 

Chapter 5. Experimental Feasibility Study 
 

As discussed in Chapter 4, the temperature balance in the proposed system is 
influenced by several parameters. The first of these is the temperature of the incoming 
medium, which is heated on the lid. The maximum temperature is limited to 41oC, 
since a higher temperature would damage the biological content of the medium. On the 
other hand, the distance from the heater to the well is 10 cm at maximum. The input 
diameter and the flow-rate are the next important parameters for the temperature in the 
well. High flow-rates might generate shear stress that can cause undesirable cell stress, 
cell detachment or even cell death. All these aspects were experimentally tested and 
discussed in this chapter. Disturbances such as the microscope light and the 
temperature of the environment have to be tested directly in the prototype and 
therefore are not tested in the test bench. 

In the proposed system, heating is accomplished upon medium entrance into the lid. In 
the experimental setup, heating is realized by a heat exchanger in order to test the 
parameters required for the proposed system. The key to the experimental test bench is 
a single well of a 12-well-plate equipped with a set of miniature thermistors, which 
measure the temperature at the level of the adherent cells, at the bottom of the well.  

This chapter discusses the wet-lab experiments which were performed in order to 
better understand the behavior of the heated liquid in the well and the temperature 
homogeneity in a well, as well as simulate the shear stress to which the cells are 
exposed to. The chapter starts with a description of the experimental wet-lab setup in 
Section 5.1, followed by Sections 5.2 and 5.3 that focus on calibration of the peristaltic 
pump and the thermistors, respectively. The experimental results for the influence of 
different liquid levels in the well are introduced in Section 5.4. Next, Section 5.5 
shows the results for dripping and immersed liquid input, followed by measurements 
of time constant of the system in Section 5.6. The shear stress at the cell level has been 
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studied using a finite-element method in Section 5.7 and validated by experiment. The 
feasibility of temperature soft-sensors is investigated in Section 5.8. Observations 
concerning the experimental setup are discussed in Section 5.9. The most important 
results of this chapter are summarized in Section 5.10. 

5.1 Experimental Setup 

An experimental setup was developed in order to ensure feasibility of the proposed 
system. The feasibility study focuses on the thermal loop. In this setup, it was 
important to mount several thermistors into the same well in order to be able to 
observe the temperature distribution for various experimental configurations. 

The next sections describe the experimental setup. The well plate and the sensor 
mounting are introduced in Section 5.1.1, while the wet-loop hardware, including the 
heat exchanger and the pump, are described in Section 5.1.2. The signal loop is 
introduced in Section 5.1.3. 

5.1.1 Well Plate 

A standard 12-well plate (NUNC) was used as a platform for the system. The use of a 
standard well plate ensures the validity of the tests performed for cell biologists. One 
well of the well-plate was equipped with thermistors. The following paragraphs 
describe the choice of thermistors and their mounting into the well plate. 

Thermistors were chosen based on their size and performance, specifically time 
constant and low dissipation constant. The final choice were glass-coated thermistors 
TB-04 (RMT Ltd) with adjacent leads (see Figure 5.1) and a nominal resistance of 
10,0 kOhm at 20oC. The sensors were calibrated at 37˚C by the manufacturer. Other 
parameters of the sensors can be seen in Table 5-1. 
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Figure 5.1: A microscope picture of the thermistor with a scale (1 mm divided into 
100 parts). 
 

Table 5-1: Technical parameters of thermistors. 
Body size  

Nominal diameter 0,4 mm 
Max diameter 0,5 mm 

Max length 0,5 mm 
Lead material Pt 

Thermal time constant  
Still air 1,1 s 

Plunged in water 20 ms 
Power rating (in air)  

Dissipation power 15 mW 
100% power to 150 mW 

 

The sensors were mounted into holes bored into the base of one well using a similar 
technique as described in Section 3.3.1 and as shown in Figure 3.4. In this case, 
thermally conductive glue (Electrolube Thermal Bonding System, United Kingdom) 
having a thermal conductivity of 1,1 W/mK was used for mounting. Nine sensors were 
placed in such a manner as to cover most of the area in the well. The very edges of the 
well were omitted as they are rarely used for cell experiments due to limited view. A 
single well equipped with nine thermistors can be seen in Figure 5.2. 
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sensor 

electrical 
connector 

 

Figure 5.2: A standard cell cultivation well with mounted thermistors. 
 

Three thermistors were mounted into T-shaped structures in order to be used as flow-
through sensors. One epoxy-coated thermistor was used as a probe. Both types can be 
seen in Figure 5.3. 

 coated thermistor 

a) b) c)  

Figure 5.3: A flow-through sensor is depicted in photos a) and b). The coated 
thermistors can be seen through the T-shaped tubing connector in b). A thermal probe 

is depicted in c). 
 

The flow-through sensors were placed along the tubing at two different distances from 
the well. The short distance was 3,5 cm and the long distance was set as 22,5 cm in 
both directions (towards the well and away from the well). The tubing used in the 
experiment was Tygon R-3603 with dimensions 1/16 x 1/8 inches, which equals to 
1,6 x 3,2 mm.  

A lid for insertion and positioning of the inlet and outlet was necessary. The lid was 
made out of PDMS according to a recipe given later in Section 6.3.2. The well plate 
itself was used as a mold. The lid of the well-plate was used as a lower part of the 
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mold and the lower part of the well-plate was used as the upper part. The well-plate 
had to be modified in order to enable its use as a mold. Firstly, all wells had to be 
equipped with a hole for degassing the PDMS and spacers had to be added to the frame 
of the well-plate. These spacers defined the thickness of the resulting lid. Since the lid 
is molded directly into the well-plate, it is sufficiently tight and seals the well from the 
surrounding environment. Commercial medical-grade needles of varying diameters 
were used as inlets and outlets and as connectors to the tubing. 

The test well-plate with installed thermistors and tubing is covered with a small plastic 
box (see Figure 5.4). The cover box protects the test well-plate from environmental 
disturbances such as dust, air conditioning of the laboratory, or human presence (air 
movement due to human activities).  

 test well 

flow-through 
sensor 

cover box 

 

Figure 5.4: The test well plate with flow-through sensors and a cover box. 
 

5.1.2 Wet-Loop 

The wet-loop of the test bench for the feasibility study consists of the well plate with 
built-in sensors, a peristaltic pump (Gilson Minipuls 3), a liquid container (volume of 4 
liters), and an in-house built heat exchanger. The liquid loop is fully closed (see a 
schematic diagram in Figure 5.5). The components were chosen such that they are 
commercially available and therefore, can be used as a reliable measure for the 
feasibility study. In the proposed system, these components will be realized by 
customized miniaturized components. 
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Figure 5.5: A schematic diagram of the wet-loop. 
 

The peristaltic pump is used to introduce and to remove the medium from the well. A 
liquid container is used as a heat buffer, to cool the removed liquid to room 
temperature before entering the heat exchanger. The in-house made heat exchanger 
consists of a small container with liquid. The small container is inserted in a heating 
box. The heating box consists of an aluminum frame in a plastic case. The aluminum 
frame is equipped with four heating pads (245-499 by RS Components, UK). The 
liquid at room temperature enters the container and is heated by the heating pads. Long 
outlet tubing at the edge of the container ensures sufficient heating time of the liquid 
prior to its exit from the heat exchanger. The distance from the heat exchanger to the 
well-plate is kept at a minimum in order to minimize heat losses. The principle of the 
heat exchanger is illustrated in Figure 5.6. 

heating padsaluminum frame 

liquid 
container 

outlet 
tubing  

liquid at RT 

heated liquid 

inlet 

outlet 

 

Figure 5.6: A diagram of the heat-exchanger and its components. 
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5.1.3 Measurement and Control Loops 

The measurement and control loops consist of a PC equipped with an analog-to-digital 
(A/D) and digital-to-analog (D/A) card (PCI-6036E by National Instruments, Texas, 
USA), a precision power source, a Wheatstone bridge, an industrial PID controller, a 
peristaltic pump, and a heat exchanger. The PC was used for open-loop control of the 
pumping and for collection of the measurement data. The whole system is depicted in 
Figure 5.7. 

All sensors were supplied with an input voltage of 5 V from a precision power source 
(Switchbox 6303DS). The voltage resolution was 0,1 V. A difference of 0,1 V in the 
input voltage resulted in a 2 % error in the result. The measured signals were 
conditioned in a Wheatstone bridge and then discretized using the A/D board. The 
signals were transmitted using shielded wires (signal cables Draka PFSK 6x0,22mm2) 
in order to avoid interference. The signals were recorded using an in-house designed 
LabView-based software. Signals from the Wheatstone bridge (-5 to +5 V) were 
converted to temperature according to the individual thermistor characteristics using a 
second-order polynomial.  
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Figure 5.7: A schematic diagram of the measurement and control loops with an 
indicated wet-loop. 
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The heating pads (4 x 245-499 by RS Components, UK) are controlled by a PC using 
an industrial PID controller (312-1841 by RS Components, UK). The set-point was 
adjusted manually. The peristaltic pump is controlled in open loop using a control 
signal of a range from 0 to 5 V, which represent the whole range of its speed (in 
revolutions per minute). 

5.2 Calibration of the Peristaltic Pump 

A peristaltic pump is a positive displacement pump used especially for applications 
where the pumped liquid should not come into contact with the pump components. 
Here, the fluid is in a flexible tube throughout the way. The tube is then compressed in 
a peristaltic sequence and movement of the liquid in the tube occurs. The velocity of 
the liquid can be adjusted in two ways – by changing the revolutions per minute of the 
compressing components or by changing the dimensions of the tubing. 

In this study, the Gilson Minipuls 3 peristaltic pump was used. The pumping speed can 
either be controlled manually (0,1-48 rpm) or using a PC (0-5 V). As in other 
peristaltic pumps, the actual mass flow of the liquid for different pumping speeds is 
not explicitly given. Therefore, calibration of the pump using a precision scale was 
conducted. 

This section further introduces the materials and methods used during the pump 
calibration experiment (Section 5.2.1). The results are discussed in Section 5.2.2 and 
conclusions are drawn in Section 5.2.3. 

5.2.1 Materials and Methods 

Since reliable small liquid flow-meters are not readily available, a precision scale has 
been used as the calibration instrument. The pump was tested at different speeds (in 
rpm) and with different tubing diameters and tightening screw positions (Figure 5.8).  

New tubes were used during the experiment. The smaller one had an inner diameter of 
1,4 mm (ELKAY, standard tube, catalog no. 116-0532-120, I.D. 0,056 inches, lot no. 
132501664). The wider one had an inner diameter of 3,2 mm  (ELKAY, standard tube, 
catalog no. 116-0532-200, I.D. 0,125 inches, lot no. 133302264). 
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The liquid displaced over different time intervals was weighed and consequently the 
volume could be calculated. Since the pump was intended for continuous pumping, 
longer time periods (30 min) were used, which also reduces the error due to uneven 
dripping of the liquid. Dripping instead of immersion of the exit tube was chosen in 
order to avoid suction of the liquid out of the tube due to reduced surface tension.  

Since the room temperature during the experiment was about 24oC, the density of 
water used for the calculation was 997,13 kg/m3 at 25oC. The effect of evaporation of 
the liquid at room temperature was taken into account by a separate measurement, 
where a series of weight measurements of liquid in 30 min intervals was performed. 
Based on these measurements, the evaporation was on average 0,08 g/30 min and was 
taken into account in all measured results. 

 

tightening 
screw 

tubing 

rotating 
element with 
compressing 
balls 

 

Figure 5.8: Top view of the peristaltic pump indicating the inserted tubing, the 
rotating element with compressing balls and the tightening screw used for adjustment 

of the tube compression level. 
 

The precision balance, Precisa XR 205SM-DR, was used for the measurement. This 
analytical balance has a readability of 0,01 mg, a reproducibility of 0,03 mg and a 
linearity of 0,06 mg. The tests were typically run three times and all the volumes were 
weighted three times. An average value was used for the calibration. 
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5.2.2 Results 

Figure 5.9 shows the volumetric flow-rate values for both tubing diameters at different 
pumping speeds. Increasing ID increases the slope. As expected, the relationship is 
linear. The maximum error for the tube of ID 1,4 mm occurred at 10 rpm and was 0,06 
ml/min, which represents 0,4 % of full scale (FS). The standard deviation was ranging 
from 0,007 to 0,01 ml/min. For tube of ID 3,2 mm, the maximum error was at 1,5 rpm 
and was 0,03 ml/min, which represents 0,6 % FS. The standard deviation was ranging 
from 0,001 to 0,009 ml/min. 
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Figure 5.9: The flow-rates in different tubes at various pumping speeds (rpm). 
 

The flow-rate depends mainly on the age of the tube and on the position of the 
tightening screw. The flow-rate is at its maximum with the tightening screw almost at 
the sticking point of the tube walls. This position was maintained during all 
measurements by setting the screw half a turn away from the sticking point. If the tube 
was squeezed more or less than this value, the flow-rate was reduced due to loss of 
compression efficiency, such as 1,5 turns away from the sticking point reduced the 
flow-rate by 10 %. 

All measurements were performed with brand new tubes. The flow-rate values with 
older tubes were found to decrease significantly, such that the flow-rate after several 
hours of usage can change by 5 % or more. 
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A dependence of the flow-rate on the tube length was also briefly studied. As 
expected, shorter tubing increases the flow-rate due to reduced hydraulic resistance. 
However, this influence is insignificant in comparison with previously mentioned 
relationships.  

5.2.3 Conclusions 

The calibration was successful and a linear relationship between the pumping speed (in 
rpm) and the flow-rate (in ml/min) was found. Two tube diameters were tested and as 
expected, a larger diameter yields higher flow-rates.  

During the measurements, several other influences were encountered. The largest of 
these was the position of the tightening screw. The position can be relatively 
accurately repeated and therefore, the error due to screw position can be minimized. 
Tube ageing is another issue which cannot be fully controlled as the tubing is always 
to be used over several days. The ageing of the tubing causes more than 5 % error in 
the flow-rate. 

5.3 Calibration of the Thermistors 

The thermistors were calibrated by the manufacturer and therefore, each thermistor 
had an individual 2nd-order polynomial curve, which was entered into the LabView 
program. However, the offset of the curve had to be set by calibration against a 
precision thermometer.  

The offset had to be adjusted approximately once a week due to drift. The drift was 
caused most probably by insufficient insulation of the thermistors from the liquid. 
Although an impermeable coating was applied, the prolonged immersion hampered the 
measurements. Later, a layer of epoxy glue was added, which improved the 
performance. Also, drying in an oven has proved to be useful after prolonged 
immersion times. 

Ideally, the calibration of the system would be performed at the operating temperature, 
i.e. 37oC. All of the sensors, those mounted in the well as well as those mounted as 
flow-through sensors, and the calibration thermometer would have to be in the same 
homogeneously heated liquid. However, that was hard to achieve, since the whole 
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well-plate could not be inserted into liquid (due to electrical connections) and the well 
itself is quite small and can hardly accommodate all the flow-through and calibration 
sensors.  

Finally, most calibrations were made at room temperature (24oC), although it was a 
time-consuming process. In general, good reference sensors were difficult to find and 
therefore, a mercury filled glass precision laboratory thermometer with resolution of 
0,2 oC and the working range from 20oC to 100oC was used. 

5.4 Influence of Liquid Level 

Containers with liquid behave as capacitors. In the proposed system, well plates are 
used and therefore each well is a capacitor in the thermal and chemical sense. The 
hypothesis was that with an increasing level of liquid in the well, the heat input from 
the incoming liquid would not influence the biological cells at the bottom of the well. 
The wells cannot be fully filled as an air layer has to be present for diffusion into the 
medium. Here, the cells were replaced by miniature thermistors, as visible in Figure 
5.2. 

In a 12-well plate, the diameter of a well is 21 mm and the maximum volume is about 
5,5 ml. The value changes slightly, depending on the brand (and manufacturer). The 
typical working volume is about 1–2 ml.  

The next section (5.4.1) describes the methods used during the experiment, while 
Section 5.4.2 focuses on the results of the experiment. 

5.4.1 Methods 

Three measurements with different liquid levels in the well were performed. The 
measurements were made two hours after the start of the process in order to observe a 
stable system. The input was placed 2 mm above the liquid level and the liquid was 
allowed to drip into the well (Figure 5.10). The pump speed was set to 1 ml/min during 
all measurements. The temperature of the liquid 4 cm before the input was 42,5 to 
43oC. 
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Figure 5.10: A measurement setup for the liquid level experiment. 
 

The arrangement of sensors and liquid input/output is depicted in Figure 5.11. 
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Figure 5.11: A diagram of sensor, input and output locations in a well during the 
liquid level experiment. The grey circles are sensors which were not used during the 

experiment due to moisture penetration. 
 
 

5.4.2 Results 

As expected, a low liquid level (1-2 mm, i.e. 0,5 ml of liquid) causes an uneven 
distribution of the temperature and the differences in temperature can be as large as 
2oC. The results are in Figure 5.12. 

With a water level around 4-5mm (1,5 ml) and the same settings, the temperature 
inhomogeneity decreased significantly (Figure 5.13). Water level around 7-8mm 
(2,5 ml) made the temperature distribution even more balanced and sudden fast 
changes almost disappeared (Figure 5.14). On the other hand, with given settings 
(same for all measurements), the temperature overall decreased.  
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Figure 5.12: Temperature differences and variations in a well filled to 1-2 mm 
(~0,5 ml). 
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Figure 5.13: Temperature differences and variations in a well filled to 4-5 mm 
(~1,5 ml). 
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Figure 5.14: Temperature differences and variations in a well filled to 7-8 mm 
(~2,5 ml). 
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Figure 5.15: A comparison of measurements with the sensor 3A in different amounts 
of liquid. 
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A signal of the sensor 3A in all three settings is shown in Figure 5.15. Also here, there 
was remarkable improvement in temperature stability. 

5.5 Influence of Media Input 

In the proposed system, the medium comes in a channel above the well. The medium 
either can drip into the well or can be smoothly delivered by immersion of the tip. It 
was expected that immersion might cause poorer temperature distribution. A series of 
experiments was performed. The methods are introduced in Section 5.5.1 and the 
results are discussed in Section 5.5.2. 

5.5.1 Methods 

Two measurements with different types of input setup were performed. The whole set-
up was first left to stabilize. There was one input and one output in the well, the pump 
speed was set to 1 ml/min, the volume of the liquid in the well was about 2 ml. The 
position of the input and output needles was the same in both measurements (Figure 
5.16). 

The liquid was left dripping approximately 2 mm above the liquid level in the well. In 
the second measurement, the input was dipped 0,5 mm under the liquid level.  The two 
configurations are depicted in Figure 5.17. The temperature of incoming water in the 
tube was measured at 3,5 cm (input short; INS) and at 22,5 cm (input long; INL) 
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Figure 5.16: A diagram of sensor, input and output locations in a well during the 
liquid input experiment. The grey circles are sensors which were not used during the 

experiment due to moisture penetration. 
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before the well. The output temperature was measured at 22,5 cm (output long; OUL) 
after the well. The temperature probe was placed at the heater. 

5.5.2 Results 

The temperatures in different places of the setup are shown in Figure 5.18. A 
comparison of the data for one well is represented in Figure 5.19. In both figures, the 
top graph depicts the dripping setup and the lower graph, the immersed setup.  

In the overall view, the temperature of the incoming liquid is as high as 46oC at the 
INL flow-through sensor and decreases on the 20 cm path towards the well to 39oC at 
INS. These high temperatures have to be used, since the test setup is not as compact as 
the proposed system, where heating takes place directly on the lid. The temperatures in 
the well are around 36oC in both, the dripping and the immersed setup. However, in 
the dripping setup, the temperature variation among different places in the well is 
reduced by 1oC. The temperature at the output is around 29oC in both cases. 
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Figure 5.17: A measurement setup for the input type experiment. 
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Figure 5.18:  The measurements of temperature with same settings of the system. 
Above: dripping setup, below: immersed setup. 
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Figure 5.19: The measurements of temperature in the testing well with same settings 
of the system for both setups. Above: dripping setup, below: immersed setup. 
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A comparison of two sensors (3B and 2B) in the dripping and immersed setup is 
shown in Figure 5.20. Also here, the temperature differences between sensors are 
clearly smaller for the dripping setup. 
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Figure 5.20: A comparison of sensors 2B and 3B in the dripping and immersion 
setups. 

 

In the immersed setup, some fast temperature fluctuations disappeared (see sensor 2B), 
but the variation of measured temperatures in the well was larger. The immersed input 
also tended to cause unexpected changes during long-term use. In these changes, the 
temperature in some areas altered without any obvious reason. This situation could be 
understood as sudden superficial flow from input directly into output, where the 
incoming liquid is not mixed within the well. Since the dripping setup is more 
predictable, and temperatures on the bottom of the well are distributed more favorably, 
it is the preferred setup for the proposed system. 

5.6 Time Constant 

A brief study of the system time constant was performed. As shown in Figure 5.11, the 
temperature decreases significantly when the well-plate is removed from the incubator. 
The time-constant studies of the system simulate the situation where a well-plate has 
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just been handled outside of the system (for instance in the start-up of an experiment) 
and is connected to the environmental control unit (proposed system). 

5.6.1 Methods 

In this experiment, the system was initially kept at room temperature (RT, 25oC). The 
pump was then run at a rate of 1 ml/min. The well initially contained about 2 ml of 
liquid. There were one input and one output in the setup. The input was kept in the 
dripping position. Also in this experiment, the set-point was 36oC, since higher 
temperatures could not be easily achieved with the given hot liquid travel distances. 
This however, is not a concern in the final proposed system, since the heating will be 
in the place of the delivery – in the enhanced well-plate lid. 

5.6.2 Results 

The time constant was defined at 63,2 % of the range from the room temperature 
(25oC) to the desired temperature (here, 36oC) and was estimated to be 3 min 20 s 
based on Figure 5.21. The settling time of the system was determined to be 8 min, at 
98 % of 36oC, namely for majority of the sensors. The constants are visualized in 
Figure 5.21. 
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Figure 5.21: The time constant of the experimental system is indicated at 63,2 % and 
is about 200 s. 

 

5.7 Shear Stress in the Well 

A brief literature study was done in order to estimate the critical shear-stress values. In 
vivo, there are different shear-stress values the cells have to deal with. In addition, 
critical shear stress is cell-type dependent. A typical example of high shear stress cells 
are bone and vascular endothelial cells. In vitro, typical sources of shear stress are 
stirred bioreactors, where the shear stress is dependent on the distance of the cells from 
the walls of the bioreactor. Another example are 3-dimensional scaffolds. Most of the 
shear stress studies therefore focus on the mechanical properties of bone cells under 
shear stress and shear stress within scaffolds. 

In [104] a comparison of osteoblast viability on a Petri dish and in a 3D scaffold was 
made. The scaffold was perfused at two different rates. The higher rate exerted a shear 
stress of 0,6 Pa, while the lower rate constituted only 5 mPa. The cells in a Petri dish 
presented 90 % viability after 13 days of culture, while the cells perfused at the higher 
rate showed a viability of only 10 %. The cells at the low perfusion rate maintained 
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good viability (85 %) and therefore, the 5 mPa can be considered as a safe limit for the 
shear stress, if osteoblasts are used. 

Since shear-stress is difficult to measure in tight places such as the well, a 
computational model was developed in order to assess the inflow versus shear stress at 
the cell level. The shear stress was studied in terms of its dependence on flow-rate, the 
inlet diameter and the inlet and outlet position. 

Section 5.7.1 describes the simulation model in terms of its geometry, accuracy and 
physics. Section 5.7.2 shows the simulation results for the study of flow-rate, inlet 
diameter, and inlet and outlet position. The experimental verification tests are 
introduced in Section 5.7.3. Section 5.7.4 concludes the experiment. 

5.7.1 Model 

Comsol Multiphysics has been used for creating the finite-element model (FEM) of the 
well. The well was modeled at room temperature. In the FEM model, the medium was 
immersed into the liquid, unlike in the real situation, where the liquid drips into the 
well. Since dripping is difficult to model and is not essential for the model, it has been 
omitted. The immersion, on the other hand, increases the shear stress and therefore, the 
model is expected to be stricter in terms of permissible flow-rates than the reality. 

In this study, the plane 10 μm above the bottom of the well was observed as that is 
expected to be the most important for the adherent cells. In order to maximize the 
impact, a heat-up situation was simulated. The well contained liquid at room 
temperature (25oC), which was gradually heated by the incoming liquid to 37oC. 

Model Geometry  
Since the problem cannot be simplified to a 2-dimensional problem, a 3-dimensional 
geometry has to be created. On the other hand, the problem is symmetrical and 
therefore, it can be solved as one half. The model geometry is shown in Figure 5.22.  

The well has a radius of 10,6 mm and the liquid level is set to 3,5 mm (~1,2 ml). The 
inlet and outlet both have a radius of 200 μm. The inlet and outlet were positioned 2 
mm from the edge of the well. The mesh has been refined in the areas, where the 
highest velocities are expected, around the inlet and outlet. 
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Figure 5.22: A geometrical model of the medium in the well with an irregular mesh. 
 

Accuracy of the Model 
In FEM calculations, the number of elements determines on the one hand the accuracy 
of the results and on the other hand, the time necessary for the calculations. The 
solution convergence has been tested by selecting 10 nodes randomly in three different 
mesh configurations. The sum of their values has been calculated and the error 
estimated in percent. The three meshes had 1840, 6788 and 8822 elements. The mesh 
with highest density was used as a reference. The errors were 8 % for the mesh with 
1840 elements and 1 % for the mesh with 6788 elements. Therefore, the latter 
mentioned mesh has been used in all simulations. 

Model Physics 
The initial temperature in the well is set to the room temperature (25oC). The inflowing 
liquid has a temperature of 37oC. The outlet is set to the same rate as the inlet and its 
temperature is set to room temperature. In this case, the wall of the well is considered a 
thermal insulator, which idealizes the situation. All boundaries, apart from the plane of 
symmetry and the liquid level, are considered as no-slip. 

The simulation is set as a one-way coupled problem as the velocity of the fluid 
influences the heat transfer and not vice versa. A time-dependent model couples the 
fluid dynamics and heat conduction and convection. 
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Other Conditions 
The objective of the simulation was to find the optimal speed of the inflowing liquid, 
while maintaining an acceptable amount of shear stress. The range of the incoming 
liquid velocity was kept between 0,2 to 1 ml/min. The plane 10 μm above the bottom 
of the well was observed for shear stress and temperature distribution. Two different 
inlet and outlet sizes were simulated and compared. The results were quantified in 
terms of time, namely the time that is needed for 90 % of the area to reach a 
temperature of 36oC, and in terms of shear stress. In this case, shear stress should not 
be larger than 5 mPa. 

5.7.2 Modeling Results 

The modeling results are divided into sections. The first discusses the influence of the 
flow-rate on the shear stress, the second shows the influence of the inlet diameter on 
the shear stress and finally, the influence of the inlet and the outlet position is 
discussed. 
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Influence of Flow-rate 
The minimum time needed for 90 % of the area of the 10 μm plane to reach 36oC is 
480 s for the inflow rate of 0,5 ml/min and inlet radius of 200 μm. Figure 5.23 shows 
the temperature distribution on the 10 μm plane above the bottom after 480 s. 

 

Figure 5.23: The temperature distribution in the 10 μm plane above the base of the 
well after 8 min in a setup with inlet 400 μm in diameter and inflow at 0,5 ml/min. 
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The shear-stress distribution at the 10 μm plane is visible in Figure 5.24. The 
maximum shear stress is, as expected, in the vicinity of the inlet. That is also the only 
area, where the shear stress exceeds the 5 mPa limit. The maximum shear stress is 
10 mPa. For a flow-rate of 0,5 ml/min, the area within the 5 mPa limit covers 83 %. 

 

5 mPa 

Figure 5.24: The shear stress distribution at the 10 μm plane and inflow of 0,5 ml/min. 

For the given setup with 400-μm-wide inlet and inflow rate of 0,2 ml/min (average 
linear velocity of 0,03 m/s), the time for all the area of the 10 μm plane to reach 36oC 
is 1220 s (~ 20 min). The maximum shear stress is around the inlet, as in the previous 
setup, and for a rate of 0,2 ml/min is 0,3 mPa. The shear stress condition below 5 mPa 
is satisfied along the whole 10 μm plane. 

The maximum shear stress and the shear stress and temperature distributions for inflow 
rates of 0,2 ml/min (representing the average linear velocity of 0,03 m/s) to 1 ml/min 
(representing the average linear velocity of 0,13 m/s) are presented in Figure 5.25. 
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According to the results, the flow-rate at inlet should not be higher than 0,4 ml/min (or 
more precisely 0,05 m/s) in order to satisfy the 5 mPa condition. 
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Figure 5.25: The relationship between the inflow rate, shear stress and temperature 
distribution in the 10 μm plane. The inlet diameter is 400 μm. 

 

Influence of Inlet Diameter 
In Figure 5.26, the influence of inlet diameter on the maximum shear stress at the 
10 μm plane as well as the time to reach at least 36oC from room temperature are 
shown. It is clear that the inlet diameter does not affect the time to reach 36oC. It is 
rather the flow-rate that clearly shortens the time. On the other hand, the inlet diameter 
has a large effect on the maximum shear stress induced on the 10 μm plane. The 
critical values seem to be the flow-rate of 1 ml/min and the inlet diameter of 1 mm 
(representing the average linear velocity of 0,02 m/s). Above these values, the shear 
stress increases suddenly. 



  99 

   

0

2

4

6

8

10

12

14

16

18

20

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,5 1,8

Flowrate [ml/min]

[m
in

]

0

5

10

15

20

25

30

35

40

45

50

[m
Pa

]

0,4 mm 1 mm 2 mm

0,4 mm 1 mm 2 mm

Time 
Shear-stress 

 

Figure 5.26: The influence of inlet diameter and flow-rate on the time necessary to 
reach 36oC in the 10 μm plane and the maximum shear stress in that plane. 

 

Influence of Inlet and Outlet Position 
A few simulations were run with different inlet and outlet positions. The shift of inlet 
and outlet towards the centre decreases the heating time, but increases the maximum 
shear stress. For example, for the flow-rate of 0,8 ml/min and inlet diameter of 400 μm 
(average linear velocity 0,1 m/s), the heating time is 6 min and the maximum shear 
stress is 29 mPa in the earlier described position, while it takes 5 min when shifted by 
1 mm towards the center, but the maximum shear stress increases to 55 mPa. 

5.7.3 Verification Results 

As mentioned in the beginning of this section, it is difficult to measure shear stress 
from the limited space of a well without disturbing the flow. Therefore, the verification 
was focused on the heating time. An experiment was set up in same way as in 
Section 5.6. However, in this case, to follow the simulation, the input was immersed. 
The liquid level was 4–5 mm, i.e. the working volume was about 1,5 ml. 
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The first verification test was run at the flow-rate of 0,7 ml/min and its results are in 
Figure 5.27. The time according to the simulation was 6 min, while the verification 
experiments show 13 min. 
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Figure 5.27: The verification test for time needed for the well to reach 36oC from 
room temperature (25oC). The required time is 13 min. 

 

Another wet-lab test has been run at a flow-rate of 1 ml/min. Similar results were also 
achieved here. While in the FEM simulation the heating time was 4 min, the 
verification tests required 12 min. 

5.7.4 Conclusions 

The modeling results show that the time required for heating of the well from room 
temperature to at least 36oC is influenced by the input flow-rate rather than the inlet 
size. The maximum shear stress occurs in the vicinity of the inlet and its magnitude 
depends on the position of the inlet and outlet and on the linear velocity of the 
incoming fluid. 

The verification tests show that in reality the required heating time is much longer than 
in the simulations. Since in both of the verification tests the required time did not vary 
significantly for different flow-rates as opposed to the simulations, it is clear that there 
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is a system heat-up time and heat losses that were not taken into account in the 
simulations. These include the heat-up time of the incoming liquid visible in Figure 
5.27 as INS and more importantly the heat losses to the environment, since the wall of 
the well has been modeled as a thermal insulator. In reality, there is a significant heat 
flux across the wall. For modeling purposes, this heat flux is typically determined by 
an experiment. The simulated heating time is underestimated due to the 
aforementioned assumptions by half.  

The simulated shear stress in connection with the input flow-rate and the input 
dimensions and positions can be considered valid as there are no boundary 
assumptions hindering the results. However, these results are valid only for immersed 
input. As has been discussed in Section 5.5, the dripping input has more favorable 
properties. Therefore, it is expected that the shear stress is to some extent 
overestimated. The dripping drops break at the surface of the liquid and therefore does 
not cause such dramatic changes at the 10 μm plane. 

5.8 Temperature Soft-Sensor 

One of the major benefits of the proposed system is the sensor-less well for maximum 
cell observability. The sensors in the well are replaced by a model that is based on 
measurements from sensors placed at given distances before (Tin) and after (Tout) the 
well in the liquid supply tubing (Equation 5.1). The measurement setup is depicted in 
Figure 5.28. The measurements for model development include also the measurements 
from the well, which are later used for model verification, but are not present in the 
final system. 

),,( amboutinwell TTTfT =  

where Twell is the temperature in the well, Tin temperature measured in the input, Tout 
temperature measured in the output and Tamb the ambient temperature. 

(5.1) 
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Figure 5.28: The measurement setup for the model development includes the 
measurements in inlet (INL and INS), outlet (OUS and OUL), environment (Probe) 

and in the well (1A..3C). The objective is to replace measurements from the well using 
a model as in Equation (5.1).  

The methods used in the experiment are discussed in Section 5.8.1 and the results are 
shown in Section 5.8.2. 

5.8.1 Methods 

During the data collection for the model, systems described in Section 5.1 were used. 
In this experiment, the pump was not run at a constant rate. Instead, a random file 
(based on the white noise random walk signal) was generated for its control. The time 
constant of the system was taken into account by keeping the new value for 25 to 400 
seconds at a time. The input signal for the pump ranged between 2,5 and 5 V, which 
corresponds to flow-rates between 0,5 and 1ml/min. The changes in pumping speed 
while maintaining other settings constant resulted in temperature changes in the system 
due to heat dissipation. These temperature changes are then visible in all 
measurements apart from the heater, which was kept at constant temperature. 

A sample of the collected data is depicted in Figure 5.29. As can be seen also in the 
close up in Figure 5.30, the temperature in the wall is very homogeneous. 
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Figure 5.29: The typical data measured using the random-pump-control file. The 
pump control data (in volts) is scaled by factor of 2 and shifted by 15 for better 

representation. 
 

 The average of the well sensors 2B, 1B and 3B was used for the identification, while 
the flow-through sensors INS (input short, distance to the well 3,5 cm), INL (input 
long, 19 cm) and OUL (output long, 19 cm) were used for the verification of the 
model. In this measurement, a sampling frequency of 0,2 Hz was used (5 s).  
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Figure 5.30: A close up of the sample of the collected data. The pump control data (in 
volts) is scaled by factor of 2 and shifted by 15 for better representation. 
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A linear model was tested in [58] based on the requirements posed by the proposed 
system. The linear models are typically easy to implement due to their computational 
simplicity and therefore, are suitable also for real-time processes. The linear models 
characteristically perform well around the operation point even for non-linear systems. 
In this case, the operation point is 37oC. The major disadvantage of application of the 
linear model is the insensitivity of the model to changes in the system. However, this 
can be solved by re-identification of the system. 

5.8.2 Results 

 Figure 5.31 shows the performance of the linear model with three sets of data. In the 
top view, a measured dataset was divided into two halves. The first one was used for 
the identification and the second one for the validation. The resulting residual was in 
the range of ±0,2oC.  

 

Figure 5.31: The performance of the linear model with three different validation 
datasets. Top: second half of the dataset, where the first half was used for 

identification of all three cases. Middle: New dataset, same measurement setup. 
Bottom: A dataset obtained with same measurement set, but taken on different days. 

The sensor drift is clearly influencing the measurement. 
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In the middle view, two sets of measurements were used. Both measurements were 
obtained with the same measurement setup on the same day. A part of the first dataset 
was used for identification and a part of the second for validation. The corresponding 
residual was in the range of +0,4oC to -0,2oC. 

In the lowest view, two sets of measurements were used. Both measurements were 
obtained with the same measurement setup, but they were taken on different days. 
There is a clear influence of the sensor drift, which results in the range of the residual 
between -3oC to -3,6oC.  

The relationship among the validation sensors has changed possibly due to moisture 
permeation of the sensors and consecutive sensor drift. In a different measurement, it 
was shown that the model works well also far from the operating point (roughly to 
30oC).  

It has been shown that there is a strong correlation between temperatures at different 
places of the system. The system could perform well even with one flow-through 
sensor and still be able to predict the temperature in the well. If so, the output flow-
through sensors seem to correlate best (0,95 for OUS and 0,93 for OUL) with the well 
temperature. In this setup, due to limited A/D card input number, only one sensor was 
used on the input (INS). 

The linear model works well as long as there are no large discrepancies in the sensors 
or large disturbances. Even if these appear, a new identification can be performed or 
optionally, a set of identifications at different operating points. Therefore, linear 
models are suitable for the temperature measurements in the proposed system. The 
applicability to other measurements, such as pH or O2, cannot be directly suggested. 

5.9 Other Wet-Lab Experiment Related Observations 

An idea of a double input was briefly tested. The input was split into two in close 
proximity of the well. It was expected that the multiple input system would improve 
the temperature distribution. However, due to the elevated temperature of the liquid in 
the input in comparison with the surrounding temperature, bubbles occurred in the 
ducts. While in single input – single output tubing, there is sufficient pressure to force 
gas bubbles out of the tubing, in the single input – double output tubing, the pressure 
in the outlets decreases due to the pressure drop caused by increased cross-sectional 
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area and therefore, one of the outputs can get clogged. The blockages can be removed 
by temporarily increasing flow-rates. This phenomenon is expected even in the 
miniaturized version of the proposed system. A system with separate channels for each 
input would solve it, but would increase the space demand. Another approach could be 
the use of pulsing perfusion, where the perfusion runs and stops on demand instead of 
continuous perfusion. 

Similarly, higher flow-rates resulted in better temperature distributions (improving the 
homogeneity). This supports the idea of pulsating input flow-rates as well. 

5.10 Conclusion 

A series of experiments has been conducted. Their results are discussed here, in 
respect with the proposed system.  

The proposed system should ideally work with at least 1,5 ml of liquid in a 12-well 
plate system. This improves the homogeneity of the temperature distribution on the 
bottom of the well and it dampens possible sudden temperature changes. 

A dripping input (as opposed to an immersed input) has more predictable behavior and 
improves the temperature distribution and is thus the preferred choice for the proposed 
system. A better temperature distribution could be achieved with multiple inputs and 
outputs. However, the space for the channels is limited and for the best performance 
separate valves or pumps for each inlet would be necessary, which would increase the 
complexity of the system considerably. 

The shear stress at the cell level (10 μm from the bottom of the well) was estimated. 
The maximum shear stress occurs at the vicinity of the inlet. The shear stress decreases 
with increasing input diameter and with decreasing input flow-rate. Positioning of the 
input and output closer to the center of the well increases the shear stress. Therefore, 
input and output should be positioned at the edges of the well and for flow-rates above 
0,4 ml/min, the input diameter should be larger than 400 μm. 

Higher flow-rates resulted in better temperature distributions (improved homogeneity). 
This observation supports the idea of pulsating input flow-rates. 

A temperature soft-sensor has been developed based on a linear model. The linear 
model is well suited for the temperature measurements and can perform well even with 
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one measurement downstream as long as there are no major disturbances. The 
applicability to other measurements, such as pH or O2, cannot be directly suggested.  

 



 



 

Chapter 6. Materials and Manufacturing 
 

Materials and manufacturing methods play an increasingly important role with the 
reduction of scale. In the proposed cell culturing system, miniaturization and 
especially microfluidics are used as enabling technologies for simplification of the 
system. The reduction of system complexity lies in the use of microchannels instead of 
tubing. In microchannels, the wetted surface properties become essential for 
functionality. Surface properties then include both chemical and mechanical 
phenomena, which are directly influenced by the material choice and the 
manufacturing method.  

This chapter first discusses possible manufacturing methods for prototyping and 
production in polymers, and then introduces various material options for the 
cultivation system in Section 6.2. Further, because of its permeability, 
poly(dimethylsiloxane) is discussed as a material of choice in Section 6.3. Its benefits 
and limitations are assessed from a cell-culturing point of view (Section 6.3.3) as well 
as from an analytical point of view (Section 6.3.4). This thesis further focuses on the 
interaction of PDMS with fluorescent dye and especially on growth medium in its 
experimental part in Sections 6.4 and 6.5. The final discussion of this chapter is in 
Section 6.6. 

6.1 Manufacturing of Polymer Parts 

At first, fabrication methods used for microfluidics came from the silicon 
microfabrication industry, the roots of which are in the fabrication of microelectronics. 
This applies to all kinds of lithography methods used in the fabrication of silicon 
structures. In addition to silicon microfabrication methods, various polymer-processing 
methods dedicated mostly to microfluidics and micro-optics were developed. In the 
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following, the emphasis will be on the fabrication methods suitable for the proposed 
application. 

The manufacturing methods can be divided into mass production methods and 
prototyping or low-volume methods. Typical prototyping methods include micro-
stereolithography, laser ablation, and soft lithography. Mass production includes 
electroplating, injection molding, and hot embossing [18]. For this phase of the 
proposed work, it would not be feasible to use mass-production methods due to their 
high initial cost and especially long design-to-production time. Therefore, prototyping 
methods were further assessed. 

Micro-stereolithography, laser ablation, and micromachining are direct-writing 
methods. Hence, they do not require a mold and thus make the prototyping less costly. 
On the other hand, they are typically time consuming and result in poor surface 
quality. The surface quality depends on the smallest possible removed or added 
volume of material. In all cases, that is defined by the tool (laser in the first two cases) 
and the properties of the worked material. 

Soft lithography requires a mold, which can be made, for instance, using 
micromachining or photolithography [162]. Surface quality is as good as the mold is, 
and it is worth mentioning that soft lithography is also used for micro-optics as it can 
achieve line resolutions below the optical limit [35]. Photolithographically produced 
molds (such as those utilizing SU-8) do not withstand many cycles, as they detach 
from the surface; on the other hand, micromachined molds cannot achieve resolutions 
as good as photolithographic molds can. Molds made in silicon are robust, but 
expensive. 

In the case of the proposed culturing system, soft lithography was finally chosen as a 
good solution for its short design-to-production time and material choice, which is 
described in the next section. 

6.2 Material Choice 

Microfluidics benefits from the mature state of silicon micromachining processes; 
silicon is therefore also used (mostly for active or measurement components) in 
microfluidics. However, as surface chemical issues have to be taken into account as 
well, glass and polymers can nowadays be seen even more often than silicon in 
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microfluidic structures. The trend is to move from glass that has premium optical 
properties to polymers, which are easy to process and cheap. 

Some of the important polymers include PMMA (poly(methylmethacrylate), also 
known as Plexiglas, Perspex, and Acrylic, PC (poly(carbonate)), PSU (poly(sulfone)), 
PP (poly(propylene)), and PDMS (poly(dimethylsiloxane)). While PMMA, PC, and 
PSU are traditionally used as a resist material for LIGA (lithography, electroplating, 
and molding) technique, PDMS is an elastomer and is an ideal durable material for soft 
lithography. A good overview of polymers and their processing qualities can be found 
in [18].  

When choosing a material for the proposed system, several aspects have to be taken 
into account. These include sterilization, gas permeability for system simplification, 
chemical stability, non-toxicity, optical properties for possible implementation of 
detection systems, suitability to manufacturing method, and possibility of bonding to 
other materials. These concepts were introduced in Chapter 4, and based on these 
aspects, poly(dimethylsiloxane) (PDMS) was chosen as a suitable material.  

6.3 Poly(dimethylsiloxane) [I] 

Poly(dimethylsiloxane), also known as PDMS, has become an important material in 
various fields over the years. Some of its applications include mold-release agents, 
waterproofing, and biomedical products [117]. Recently, it has become a popular 
material to be used in microengineering. It has been developed as a stamping tool for 
micropattern transfer during soft lithography [117] and as a fast-prototyping material 
[120], [170]. The latter application has brought it to the attention of various BioMEMS 
(Biological MicroElectro Mechanical Systems) developers, and today, many of the 
devices are actually manufactured in PDMS. Some of the PDMS applications in 
BioMEMS include PCR (polymerase chain reaction) [146], DNA (deoxyribonucleic 
acid) microarrays [126], capillary electrophoresis (CE) [38], and various other 
separation and point-of-care (POC) devices. A good review of PDMS applications can 
be found in [120]. 

The rest of this section is organized as follows. First, the nomenclature of PDMS is 
introduced, followed by the processing recipe in Section 6.3.2. The properties of 
PDMS are assessed from the cell-cultivation point of view in Section 6.3.3 and from 
the microfluidic-analysis point of view in Section 6.3.4. 
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6.3.1 Nomenclature 

PDMS belongs to the siloxane group. This organosilicon chemistry area succeeded in 
the mid-twentieth century. At first, the group of new materials was called 
silicoketones, or silicones, but as they did not contain a double Si=O bond, the 
misnomer was replaced by the name siloxanes or polysiloxanes. 

PDMS is one of the most studied siloxanes. The skeletal atoms of PDMS consist of an 
inorganic siloxane group and bear methyl side groups. The repeating unit (the simplest 
repetitive structure) is depicted in Figure 6.1 and can be rewritten as [-Si(CH3)2O-]. 

6.3.2 PDMS Processing 

In BioMEMS, researchers typically use PDMS Sylgard® 184 (Dow Corning 
Corporation [33]), which is a two-part heat-curable PDMS. The pre-polymer is usually 
cross-linked with the curing agent in the ratio 10:1 w/w (other ratios have been 
studied, too, resulting in different mechanical and chemical properties [21]). 

Once both parts are well mixed, the mixture is poured or spun over a mold (made, for 
instance, of SU-8, silicon, nickel, or aluminum) and thoroughly degassed. The mold 
with PDMS is then cured by heat (typically around 60oC) for several hours. Some 
examples of PDMS device fabrication recipes are in [146], [120], [56], [83], [94], [92], 
[93], [11]. 

De-molded PDMS is typically sealed with a substrate. The bonding can be either 
reversible (e.g. van der Waals contact of PDMS-PDMS or PDMS-glass) or irreversible 
(with the assistance of plasma oxidation or bonding of pre-cured PDMS to a fully 
cured PDMS [57]). The reversible seal is fast and occurs at room temperature; 
however, it does not withstand high pressures (>30 kPa) [120]. The irreversible sealing 
can be done with a number of substrates (PDMS, glass, Si, SiO2, quartz, polystyrene, 
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Figure 6.1: The structure of poly(dimethylsiloxane) combines both organic and 
inorganic groups. Adapted from [117]. 
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or polyethylene), but does not work with polyimide, poly(methylmethacrylate), or 
polycarbonate [35]. Such seal withstands pressures up to 200 kPa [120], [35]. 
Adhesion of PDMS is further discussed in [137]. 

Devices to be used in biomedicine also have to be sterilized. Sterilization and 
especially various irradiation techniques are known to change the surface properties of 
PDMS (such as the contact angle) temporarily. The effect, however, diminishes with 
time. 

6.3.3 PDMS Properties for Cell Culturing 

PDMS has been used in many cell cultivation applications [119], [206], [175], [105]. 
However, most of them have focused on its permeability qualities rather than possible 
drawbacks. In the proposed system, PDMS plays a key role in the design. Also here, 
its permeability is an advantage; however, the PDMS has to be taken into account as a 
chemical sample carrier, heat carrier, and last but not least, a seal for a sterile 
environment. 

Permeability 
Permeability is the product of solubility (partition) of a gas in polymer and its 
diffusivity. Permeability of siloxanes is much higher than that of most other 
elastomeric materials. The permeability of PDMS with O2 is 
6 cm3(STP)cm/(cm2•s•cm•Hg) [117]. With higher temperatures, the diffusion is faster, 
the solubility lower, and the permeability decreases [16]. Further reading on diffusion 
and partition coefficients can be found in [16].  

In cell cultivation, permeability often simplifies the systems necessary for oxygenation 
of the cell cultures and/or growth medium. PDMS can be a cell substrate material (so 
far, for instance, fibroblasts [206], myoblasts [175], neuronal cells [106] or even fetal 
hepatocytes [105] were grown on PDMS) as well as a membrane for oxygenation and 
therefore, it reduces the need for a combination of materials. 

Elasticity 
Good elasticity is given by the fact that PDMS exists in a highly coiled conformers. As 
the material is stretched, the polymer unwinds, and as the tension is released, the 
polymer recoils. Elasticity thus relies on the ability of adjacent polymer regions to slip 
past each other. The elasticity is directly influenced by the amount of cross-linking 
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(mixing ratio). The more the PDMS is cross-linked, the less elastic it is. The 
elastomeric properties are not crucial in the application, but help in the sealing of the 
wells, thus reducing cross contamination from well to well.  

Sterilization 
PDMS can be sterilized by a variety of methods such as 70 percent ethanol immersion, 
steam autoclaving, or UV irradiation. This is an important property, since all 
equipment used for cell cultivation has to be sterilized. The effect of these methods on 
microstructures in PDMS has been studied in [118]. Sterilization with ethanol oxide 
(EtO) is not recommended due to the high porosity of the material, which could cause 
entrapment of toxic EtO in the pores. 

Thermal Properties 
From the thermal point of view, PDMS has a good thermal stability. The glass 
transition temperature of PDMS is -125ºC. The thermal conductivity is 0,18 W/m•K 
[33]. PDMS is a thermal insulator and thus, any heat transfer occurs only due to heat 
convection. This is important for the input of heated media into the wells, which 
happens via channels in PDMS. 

Optical Properties 
Since cell cultivation requires optical access to cells, and possibly access for optical 
sensors, good transparency (down to 280 nm [120]) and non-fluorescence are 
favorable properties of PDMS. The refractive index is 1.430 [33].  

Environmental Issues 
Although durable at high temperatures, the polymer degrades completely and 
relatively fast in the natural environment and therefore does not present any significant 
environmental problems [117]. 

Surface Properties 
From a chemical point of view, PDMS is valued for its inertness and stability [44]. 
However, depending on the post-processing of PDMS, the surface can have varying 
properties. One such example is the contact angle (or hydrophobicity) of the structure, 
which is a crucial property not only for bonding of the structure, but also for capillary-
driven devices, and which also affects the level of adsorption. As already mentioned, 
oxygen plasma can be used to decrease the contact angle; however, such hydrophilicity 
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is unstable in air and fades away with time (circa 30 min) [120]. Other ways to change 
the surface are discussed later in Section 6.3.4. 

In the proposed system, microchannels in PDMS serve for the medium supply, but 
they also serve as a carrier of analytes to sensors. These are quite distinct purposes. In 
the first case, the medium is supplied at a constant composition into the wells, while in 
the other case, the chemical composition is changing with time.  

Since the implementation of sensors for analytical chemistry was out of the scope of 
this thesis, the situation is further discussed theoretically in the next section. On the 
other hand, the possible interaction of PDMS with the medium was of special 
importance and therefore an experiment is described in Section 6.5. A verification test 
showing non-specific binding onto the walls of PDMS is shown in Section 6.4. 

6.3.4 PDMS Properties for Analytical Measurements 

In the proposed system, the chemical properties of the cell culture are measured in the 
outlet medium. Essentially, the properties of the medium in the well are of interest. 
Therefore, it can be expected that there is a difference between the results obtained in 
the well and in the outlet. The analytical content is expected to be affected by the 
distance of the measurement to the well and especially by the material in which the 
microchannels are made. Comparative studies are out of the scope of this thesis, as is 
the chemical sensor implementation. Therefore, a literature study was done instead. 

As PDMS has a long history in biomedicine, as a soft lens material for instance, there 
have been many tests performed assessing its performance in these applications. 
However, its influence on microfluidic analytical measurements has not been so 
thorough by studied, although this area is now blossoming.  

In microfluidic analytical systems, the PDMS typically serves as a material in which 
the microchannels are manufactured [197], [54], [86], and [183]. The substance of 
interest is pumped through the microchannels, usually mixed with other components, 
and finally quantified. Quantification in PDMS has to be carefully considered with 
regard to the following issues. 

Permeability 
Permeability is advantageous in instances such as gas separation membranes, artificial 
skin coatings for burns, soft contact lenses, or oxygenators. In microfluidic analytical 
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devices however, permeability may hamper the results due to vapor losses or changes 
of pH due to CO2 diffusion [124], for instance. 

Evaporation is a threat to applications handling minute volumes of samples. Some 
groups try to avoid evaporation by pre-saturating the PDMS with a liquid and/or by 
changing the mixing ratio of the base and curing agent [21], which also changes the 
stiffness of the PDMS. Another group has reported coating (e.g. polyethylene) of 
PDMS, which reduces the evaporation problems, but which typically increases the 
rigidity of the material [146]. Some organic solvents are soluble in bulk PDMS and 
swell the polymer [120].  

Elasticity 
Elasticity serves well in applications in which the material should be bent or twisted; 
however, for microchannels, it is a two-sided coin. Depending on the pressures used 
for the fluid transport, the walls of the microchannels deform and accommodate part of 
the pressure, thus decreasing the flow-rate in the area. The degree of deformation is 
given by the pressure on the wall, the degree of cross-linking of the polymer, and by 
the thickness of the wall. This property has to be taken into account in systems in 
which volumes should be determined inline or in which constant flow rate is of 
essence. 

The elasticity can be, on the other hand, utilized for various PDMS-based pneumatic 
valves (firstly described by Unger in [177]) [146], [57], [163], [201], and pumps [146], 
[201], making the systems more compact. These This might be an advantage for the 
proposed system as indicated in Section 4.4.2. 

Surface Properties 
Microfluidic devices use minute volumes of samples (allowing savings of reagents and 
speeding up analysis time). Due to the tendency to use easy-to-fabricate as well as 
low-cost mixing approaches, the mixing is typically performed by diffusion, requiring 
a narrow and long microchannel. That in turn means that the surface of the channel 
versus the volume of the sample is large. As the empty channel is gradually filled with 
sample, the empty hydrophobic sites at the surface of the PDMS bond with parts of the 
sample, thus changing its content. In order to avoid this problem, one has to 
understand which molecules are adsorbed to PDMS and thus cannot be quantified 
reliably, or one must take other precautions (such as surface modifications).  
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As a carrier of chemicals, PDMS is stable and inert [44]. However, its properties, of 
course, cannot match those of steel or glass, which are traditionally used in, for 
instance, separation columns. On the contrary, siloxane-based coatings are used in 
liquid chromatography for their retention qualities. Therefore, a study of its non-
specific binding was performed and is discussed in Section 6.4. 

The surface roughness is dependent on the processing of the mold, as PDMS perfectly 
copies even the smallest defects. Increased surface roughness means increased surface 
area and thus a larger area for adsorption as well as for trapping of possible air bubbles 
in the system. It also means that in microfluidic PDMS devices, one cannot always 
assume laminar flow as there might be local eddy currents and pressure losses [25]. 

Native (untreated) PDMS is strongly hydrophobic and as such strongly interacts with 
polar samples either through hydrogen bonding between the siloxane group of PDMS 
and alcoholic/acid hydrogen of the analyte or through polar-to-polar interaction [16]. 
Analytes containing methyl or alkyl groups can interact with PDMS due to van der 
Waals forces [16]. The force is proportional to the number of methyl groups or to the 
length of the alkyl chain [16].  

As already mentioned, one of the driving market forces for microfluidic devices is 
their reduction of the sample volume needed for an analysis. On the other hand, in 
many of the microfluidic devices, the sample has to flow through a relatively long 
channel (due to mixing, for instance), which results in a large surface that the sample 
has to run over and by doing so, part of the sample attaches to the free hydrophobic 
sites of the PDMS channel. Moreover, this process is selective and therefore non-polar 
molecules are more likely to attach than those that are neutral. This unwanted filtering 
results in the analysis of a different sample than the one that was introduced into the 
system at the beginning. On the other hand, this filtering is used with an advantage in 
gas chromatography, where PDMS coatings are utilized. 

Adsorption not only filters the sample, but may also lead to clogging of the 
microchannel [17] and thus changes in the flow properties. Components which easily 
interact with PDMS unfortunately include some fluorescent dyes [124] utilized as 
labels in many standard experimental procedures. In addition, proteins strongly adsorb 
to PDMS [17], [45], [20]. 
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The researchers in [140] elaborate on the fact that proteins are adsorbed on the 
surfaces. That means that if, for example, blood is being analyzed in a microfluidic 
device, the platelets adhere as well and activate along coagulation pathways. 

Reference [56] also recognizes the challenge of using PDMS in analytical devices due 
to protein adsorption. In the paper, the authors modify the surfaces in order to reduce 
the non-specific protein adsorption that would otherwise hamper the results. Other 
examples of surface modification methods are introduced next. 

Surface Modifications 
In order to avoid adsorption of sample onto the PDMS walls, one has to understand 
which molecules are adsorbed to PDMS and thus cannot be quantified reliably; 
alternatively, the process has to be taken into account. There are ways to coat the inner 
walls of the PDMS microfluidic system in order to block this undesirable binding [45].  

A review of surface modifications of PDMS can be found in [115] and [170]. These 
modifications include exposure to energy (such as oxygen plasma, ultraviolet light, or 
corona discharge), charged surfactants, polyelectrolyte multilayers, covalent 
modifications (such as silanization), chemical vapor deposition, phospholipid bilayers, 
proteins or mixtures of the above (see example in [109]). 

While devices from native PDMS exhibit good repeatability [135], the PDMS devices 
treated by plasma oxidation demonstrate considerable drift in contact angle [124] due 
to ageing and usage. Ageing of treated PDMS represents a problem even for 
disposable systems. Some of the researchers recommend the use of each PDMS chip 
only once [124]. Properties of oxidized PDMS are revealed in [35]. 

6.4 Interaction of Fluorescent Dye with PDMS 

A brief test to confirm non-specific adsorption in PDMS was performed. The non-
specific adsorption means a difficult-to-predict adsorption of various chemical 
components onto the PDMS wall. In this case, a fluorescent dye (FITC) was used to 
demonstrate this behavior. The experiment is further discussed as follows. Firstly, the 
materials and methods are introduced in Section 6.4.1, followed by results in 
Section 6.4.2 and conclusions in Section 6.4.3. 
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6.4.1 Materials and Methods 

PDMS was prepared in a mixing ratio 10:1 according to a standard recipe (as 
described in Section 6.3.2). An aluminum mold was used to obtain microchannels. The 
mold and resulting channels can be seen in Figure 6.2. The channels were reversibly 
closed by another layer of PDMS. 

 

 

Figure 6.2: An aluminum mold (left) and part of de-molded microchannels in PDMS 
(right) in a Petri dish. 

 
 
Fluorescence microscopy was chosen as an analysis method for the detection of the 
adsorbed fluorescent dye. PDMS microchannels were fixed under an inverted 
microscope (Nikon Eclipse TS100), and pictures of the microchannels were grabbed 
with a camera (RT monochrome, Diagnostic Instruments) and magnified 100 times. 

Further, the microchannels were filled with a fluorescent dye (FITC 35 mM, 
Molecular Probes) and left to adsorb to PDMS over the period of 24 hours. Next, the 
microchannels were rinsed with distilled water and new pictures were grabbed. A 
microscopic ruler was used to calculate the pixel-to-micrometer ratio. 

6.4.2 Results 

First, the pictures of microchannels before and after filling with fluorescence (Figure 
6.3) exhibit certain deterioration in fine structure. In the dry state before filling, the 
tooling of the aluminum mold can be clearly seen. In the case in which the channel 
was filled and then emptied after 24 hours, the fine structures have diminished due to 
swelling of PDMS at the surface.  
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a) b) 

c) d) 
 

Figure 6.3: The light microscopy pictures of investigated microchannels. Pictures a) 
and c) present channels prior to filling, and pictures b) and d) present the same 
microchannels after filling with fluorescent dye and rinsing. The change in the 

microstructure due to sorption is visible. The bar in the upper right corner represents 
100 μm. 

 

Figure 6.4 illustrates the microchannels before filling (light microscopy) and after 
filling and rinsing (light and fluorescent microscopy). Although all dye has been rinsed 
away, the microchannels exhibit fluorescence due to the fluorescent dye that 
penetrated the wall of the microchannel. 
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a) b) 

c) d) 

 

Figure 6.4: The light microscopy pictures of microchannels prior to filling in pictures 
a) and c). Pictures b) and d) present respective microchannels in light and fluorescent 
microscopy after 24 hours of exposure to fluorescent dye and after rinsing. The bar in 

the upper right corner represents 100 μm. 
 

6.4.3 Conclusions 

This experiment has proved that PDMS in its native form does indeed cause non-
specific binding, which is supported by the findings of [75] and [109]. The wetting of 
the surface also slightly changes the morphology of the microstructures (in this case 
milling paths) due to the swelling of the PDMS surface. In the proposed systems, the 
morphological changes are not significant for the performance; however, adsorption is, 
and therefore cell-cultivation-specific tests are addressed in the next section. 

6.5 Interaction of Growth Medium with PDMS 

In the proposed system, PDMS is used as a carrier of growth medium, which comes in 
a virtually continuous supply, but also as a carrier of measurement samples, which are 
tested at distinct times from the well-output medium. As a medium-supply carrier, the 
adsorption of proteins to walls can be virtually neglected, as the wetted surface will 
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saturate; however, it was still considered important that the interaction of PDMS with 
a standardized growth medium be investigated. 

The cultivation medium is a complex mix of various amino acids, vitamins, and 
inorganic salts, and therefore is difficult to measure. Combined methods of analytical 
chemistry such as HPLC-MS (Mass Spectrometry) would have to be employed in 
order to examine the interaction between PDMS and the medium. However, they are 
difficult to access. In our study, the media is studied to ensure its unchanged content 
for cell-cultivation purposes. Possible adhesion is studied using High Performance 
Liquid Chromatography (HPLC)-Size Exclusion Chromatography (SEC). This method 
is not as complex, since it works only at certain wavelengths. The wavelengths were 
chosen in such a way as to show changes in the most probable areas. 

In [118], a similar test of PDMS interactions with the growth media was performed. 
However, in that experiment, the PDMS was tested, but the medium was not. The 
surface of PDMS was studied after immersion into a α–MEM (Minimum Essential 
Medium). The study revealed an increased oxygen/silicon ratio and an increased 
presence of nitrogen on the surface, which was attributed to the deposition of amino 
acids from the media.  

Our experiment is divided into two parts: one focuses on the PDMS study of weight 
change and the other on the cultivation-medium study with HPLC-SEC. Both parts are 
described in terms of materials and methods in Section 6.5.1, and the results are 
analyzed in Section 6.5.2, followed by conclusions in Section 6.5.3. 

6.5.1 Materials and Methods 

In this experiment, no special molds were needed. Petri dishes of different diameters 
were used as a substrate. Apart from the traditional 10:1 ratio, other ratios were tested 
as well, namely 15:1 and 5:1. After pouring the pre-polymer mixture onto the base 
plates, the polymer was degassed in a vacuum chamber. After completely degassing, 
the plates were put into the oven at 60°C for one hour. The PDMS in the smaller Petri 
dishes were demolded.  

In order to simulate various surface-to-volume ratios, precut inert glass slides of 
500 μm and 100 μm thicknesses were used as spacers. The average dimension of each 
slide was 7 x 7 mm. The achieved surface-to-volume ratios were 40:1 and 207:1, 
respectively. Surface roughness was omitted since polycarbonate molds were used. 
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The larger Petri dishes with PDMS were used as a base. Three pieces of glass slides 
were inserted as spacers and were added in such a way that buckling of top PDMS 
(demolded from the smaller Petri dishes) was minimized. The buckling was also 
prevented by sufficient thickness of the top PDMS piece. The surface-to-volume ratio 
is maintained as large as possible by reducing the glass-slide thickness. The optimum 
volume required is calculated by calculating the surface area and the volume of the 
PDMS cylindrical shape. 

 

petri dish 
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Figure 6.5: A simplified scheme of the testing environment—top view and cross-section. 
 

 
Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12), a common cell-culturing 
medium, was used as a sample. The medium was used in its 5X stronger form, and its 
content was examined for non-polar components since those are most likely to attach. 
These are represented in the medium by various amino acids such as L-tyrosine, L-
leucine, L-isoleucin, L-valine or L-phenylalanine. Other components of the medium 
include vitamins (such as niacinamide, riboflavin, folic acid or thiamine), inorganic 
salts (such as chlorides of sodium, potassium, and calcium) and other components 
(such as anhydrous dextrose, phenol red and sodium pyruvate). 

The needed volumes were 1,19 ml for 500 μm spacers and 0,23 ml for 100 μm spacers. 
The medium was pipetted onto the base plate and covered by a top PDMS layer. The 
medium was in contact with the PDMS from both the top and the bottom (as can be 
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seen in Figure 6.5). The whole experimental setup was sealed by parafilm and then 
covered by aluminum foil in order to avoid evaporation. The sealed Petri dish was 
maintained at room temperature for 48 hours. 

After 48 hours, the samples were pipetted into sterile vials, and were then sealed with 
parafilm and aluminum. The PDMS covers were washed with water, dried in the oven, 
and weighed using an analytical balance. 

Analysis of PDMS—Precision Weighing  
All PDMS pieces were weighted separately on an analytical balance (Precisa XR 
205SM-DR) after baking and prior to assembly. The second weighing was performed 
after medium retrieval. The PDMS was washed with distilled water and dried in the 
oven at 60oC for one hour.  

Analysis of Medium—HPLC-SEC 
The samples were pre-filtered through a 0,45 μm polypropylene filter and diluted to 
1:10 and 1:100 in MilliQ (MQ). The samples were further separated by a High 
Performance Liquid Chromatography (HPLC)—Size Exclusion Chromatography 
(SEC) device (Hewlett-Packard HPLC 1100) with a TSK gel G3000SW column 
(30 x 7,5 mm). The separation was done at a flow rate of 1 ml/min using 10 mM 
sodium acetate (0,01 M) as an eluent. Further on, the size, weight, and adsorption-
separated components were detected by two means: a diode array ultraviolet (UV) 
detector and a fluorescence detector [161]. The UV absorbance was measured at 224 
nm and 254 nm, which are both wavelengths at which organic compounds absorb. The 
samples were excited at 270 nm, and fluorescence was measured at 310 nm (tyrosine-
specific wavelength) and at 355 nm (tryptophan-specific wavelength). The 
fluorescence wavelengths were chosen with the focus on protein components, where 
the largest changes, if any were to occur, were expected. Intrinsic fluorescence of 
proteins mostly originate from tyrosine and tryptophan. 

6.5.2 Results 

Weight Change 
The PDMS pieces were a centimeter thick and therefore the percentage of weight 
change compared to total mass is small (see Table 6-1). However, the weight change is 
significant (in mg level) with respect to the resolution of the scales. The standard 
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deviation is 0,140 mg and therefore, only result of sample E should be disregarded. As 
expected, the PDMS with a higher mixing ratio (15:1) was more cross-linked and more 
rigid, and thus exhibited minimum weight change, while the smaller mixing ratio (5:1) 
exhibited a larger weight change. 

The reason for the weight change might be the release of insufficiently cross-linked 
material into the medium or insufficient drying of the PDMS pieces before the first 
measurement. Both reasons are consistent with the different weight losses observed for 
different cross-linking qualities. 

Table 6-1: Samples and their processing parameters. 
Sample PDMS 

ratio 
Glass plate 
thickness 

[μm] 

Change in 
weight 
[mg] 

Change 
in weight 

[%] 

Contamination 
of sample 

A 10:1 500 4,3 -0,07 Yes 

B 10:1 500 3,0 -0,05 - 

C 10:1 100 5,7 -0,09 Yes 

D 5:1 500 12,0 -0,19 Yes 

E 15:1 500 0,2 -0,002 Yes 

F 15:1 500 1,4 -0,023 - 

Control 
(DMEM/F12 

5X) 

- - - - - 

Leibovitz15 - - - - - 

HPLC-SEC 
Before the HPLC-SEC measurements, the samples were visually examined. Despite 
extreme caution during the handling of all the parts, and sterilization of the tools prior 
to use, a part of the samples was not handled in a fully aseptic manner and 
contamination occurred (visible growth of organic matter marked in Table 6-1). 
Therefore, these samples were excluded from further chemical analysis. Despite 
treatment with ethanol, the most probable source of impurities was the glass slides, 
which had to be cut in a workshop. 
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Although both dilutions (1:10 and 1:100) were tested, only 1:10 diluted samples are 
presented further, as they were more relevant due to better separation results. A test 
run with MilliQ (MQ) water was performed before the introduction of the first sample, 
between runs, and at the end of the experiment to ensure purity of the column. All 
results with MQ were well below the signal levels of the test samples, as can be seen 
in Figure 6.6. It is plausible that the separation is not complete and that in fact some 
peaks are hidden within the broader peaks. However, with given equipment, these 
results are satisfactory. 

This figure shows a chromatogram at UV absorbance of 254 nm. There are visible two 
peaks (M1 and M2), which are not fully separated. The peaks present an occurrence of 
organic-like matter and/or conjugated double bonds. There is a slight increase in the 
level of components present. However, no new components have been detected and 
none is missing, which suggests there has not been a change due to the interaction with 
the PDMS. The eluent arrives at the detector at time 5 min after the injection of the 
sample. The retention time of the M1 peak is around 4 min and the M2 is 8 min for the 
B sample. The control and F samples (see Table 6-1) have slightly different peak 
retention times (3 min for M1 and 10 min for M2). These differences, however, are not 
significant. 
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Figure 6.6: Chromatogram at UV absorbance at 254 nm, samples diluted 1:10. 
Luminescence in arbitrary units. 
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Figure 6.7: Chromatogram. Fluorescence detection, excitation at 270 nm, and 
emissions at 310 nm, samples diluted 1:10. Luminescence in arbitrary units. 

 

Figure 6.7 demonstrates the chromatogram of components excited at 270 nm, emitting 
at 310 nm. Also here, two peaks can be detected. The retention times are the same in 
all samples. The retention time of the peak M1 is 3 min and the peak M2 is 9 min. 
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Figure 6.8: Chromatogram. Fluorescence detection, excitation at 270 nm, and 
emissions at 355 nm, samples diluted 1:10. Luminescence in arbitrary units. 

 

Another protein-like measurement is depicted in Figure 6.8, where the components are 
separated and detected at emissions of 355 nm. Two peaks have been detected in all 
samples, and their amplitudes do not vary significantly. The retention time of the peak 
M1 is 3 min and the peak M2 is 10 min. 

6.5.3 Conclusions 

There is a small variation in the resulting chromatograms of samples. However in all 
cases, the same number of peaks can be identified; therefore, it can be concluded that 
in given areas, there are no foreign components in the medium and no components are 
totally missing in the medium. Hence, based on these measurements, the PDMS 
interaction with the growth medium in the given surface-to-volume ratios can be 
omitted. Therefore, PDMS can be used for medium supply. 
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6.6 Discussion 

The experiment with fluorescent dye proved that native PDMS exhibits non-specific 
binding. The PDMS exhibited a negative weight change after immersion in the 
culturing medium. However, the HPLC-SEC study exhibited no foreign or missing 
components in the growth medium at given wavelengths. Given that the medium will 
be continuously supplied, the empty surface sites will be rapidly saturated and further 
adsorption can take place only with compounds of stronger affinity to the surface. 

Despite these findings, the negative properties of PDMS are outweighed by its 
advantageous properties for cell cultivation. These include optical transparency, non-
fluorescence, easy sterilization, and permeability. 

In terms of online chemical measurements, PDMS has not been studied. The 
implementation of chemical sensors was not in the scope of this thesis; instead, the 
properties were assessed theoretically. In case of repeatable behavior, a mathematical 
model can be used to compensate for the analytical changes. In case of a non-
repeatable behavior or of behavior influenced by an uncontrollable disturbance, a 
model might be computationally too heavy for online application and a chemical 
coating against non-specific binding might be an easier solution. 

 



 



 

Chapter 7. Potential Impact 
 

This chapter addresses the potential impact of the proposed system on different 
markets. In Section 7.1, the markets are firstly approached from the point of view of 
the applications of adherent cells. These applications are further assessed for their 
relevance to the proposed system in Section 7.2. A special section is dedicated to the 
hardware view on systems biology (Section 7.3). The value of these markets is briefly 
evaluated in Section 7.4 as is the product value in Section 7.5. The chapter is 
concluded in Section 7.6. 

7.1 Applications of Adherent Cells [II] 

Mammalian primary cells were first utilized as producers of biopharmaceuticals for 
the manufacture of an inactivated polio virus vaccine [68]. Many continuous cell lines 
were established in the 1950’s. However, as there were insufficient analytical tools 
ready and there was a fear of oncogenic potential, continuous cell lines were forbidden 
for production of biopharmaceuticals until the 1980’s [68]. Since then, mammalian 
cells have been used for the production of various therapeutics and antibodies for in 
vitro diagnostics.  

Another important application area is the drug development area, where drug 
metabolism [41] and drug-drug interactions should be studied in the early lead 
optimization rather than in the expensive latter stages [89]. Pharmacodynamics studies 
also use cell- and subcellular fraction-based experiments rather than whole organs or 
animals. The reason is that the metabolic process data obtained from animal tests 
cannot be extrapolated with certainty to the human situation and therefore, cell-based 
experiments are preferred.  
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According to [208], the suitability of cell-based assays for toxicological investigation 
was still a question in the 1970’s. It was not until the middle of the 1980’s that cell 
culture technology was used in toxicological research. Cytotoxicity assays measure 
drug-induced alterations in metabolic pathways or structural integrity of the cells, 
which may or may not be related directly to cell death [148]. Once cells are exposed to 
a compound which may be toxic (chemicals can be strongly (Class 3), weakly toxic 
(Class 2) or nontoxic (Class 1) [148]) either for its concentration or its intrinsic 
properties, the cell structure and functions are affected in reversible or irreversible 
ways [208]. It is important to choose the correct target to be monitored, one which 
correlates with the dose and exposure time. The endpoint measurements in cytotoxicity 
tests commonly include cell morphology, membrane function, cell metabolism, DNA 
precursor incorporation and clonogenicity [123].  

The important question in toxicology is no longer how much (does the toxin affect the 
target), but what happens (what genes are expressed to modulate the response to the 
damage). A hypothesis has been formed that toxicant exposure always induces a 
change in gene expression. Currently, the gene groups correlating to known classes of 
toxicants are under research. The implicated gene groups include replication and 
repair, apoptosis, transcription factors and signaling molecules [208]. However, it is 
believed that genomics should complement the traditional toxicological approaches 
rather than replace them, because its value is limited if not correlated with an evident 
in vivo toxic or pathological effect. As genomics itself does not allow the identification 
of the relationship between gene expression and cell functions, proteomics and 
metabolomics are also becoming important.  

In addition to production of therapeutics, drug development and toxicology, other 
applications include growth of two-and half-dimensional implants (i.e. skin) and three-
dimensional implants (i.e. organs). The cells for implants are typically seeded onto 
scaffolds, which are then placed into bioreactors. The trend is to use the patient’s own 
cells, which requires several pre-processing steps before the actual seeding. These 
steps include, for instance, cell culture purification or cell differentiation, in the case of 
stem cells.  
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7.2 Applications of the Proposed System 

The proposed system can be considered as two modules when considering application 
markets. The first module could be called a measurement module and would only 
passively provide the information on the environmental conditions in the wells. The 
second module would integrate the environmental control and could be called an 
environment standardization module. 

The measurement module could be used for tracking of environmental conditions 
during experiments, which would be performed in the traditional way using incubators 
for environmental conditioning. The environment standardization module could be 
then used for re-creation of environmental conditions, testing of new conditioning 
patterns or directly as a cell-based assay format. 

Next, the applications described in the previous section will be considered. The 
proposed system is not suited for high-volume production of therapeutics and 
antibodies, since these rely mainly on the bioreactors, while the proposed system is 
based on the well-plate format.  

The drug discovery market as well as cytotoxicity studies are moving towards high-
content-screening (HCS). A trend to move from immortalized cell lines to primary 
cells is also clear [50], which increases the demands on the environmental conditions 
during experiments. The environment standardization module could be used for assay 
protocol development and later transferred to high volumes using the measurement 
module. Similarly, the measurement module could be used as a standardization tool 
between laboratories in different parts of the world. 

According to [151], drug discovery is the main market interested in HCS. This market 
values above all the traditional 96-well plate format, which is consistent with the 
proposed system. The majority of assay types are cell-based assays and out of these, 
almost half are live-cell assays. More than 40 % of the respondents have acquired 
licenses for fluorescence testing and almost 90 % value live-cell imaging capability in 
HCS systems, which is also in line with the proposed system. On the other hand, the 
median time for live cell testing is less than 8 hours and the desired throughput is 200 
plates per day. The requirements for HCS vary between large pharmaceutical 
industries and universities or research institutes. 
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In terms of implants, the proposed system has potential for patient-specific small-scale 
cell cultivation. Truly 3-dimensional implants require other measurements to ensure 
satisfactory nutrient status also in the centre of the implant. However, the proposed 
system is potentially interesting for the pre-processing phases of the patient-specific 
implants.  

Similarly, other emerging patient-specific applications will have to ensure the quality 
of the process at all levels, which will require also the environmental conditions of 
each cell-assay. Such applications include patient-specific in vitro cell assays for 
personalized medicine for instance. Biological therapies such as those which are 
based on the use of patient's own cells are considered to be personalized medicines 
[81]. Vaccines can be prepared from an individual patient's tumor cells. Individualized 
therapeutic strategies using monoclonal antibodies can be directed at specific genetic 
and immunologic targets. Ex vivo gene therapy involves the genetic modification of 
the patient's cells in vitro, prior to re-implantation of these cells in the patient's body 
[28]. It is expected that pharmaceutical companies will have to move from 
conventional blockbusters to smaller and more exclusive markets for personalized 
medicines [28]. 

Various “-omics” are popular in the context of system biology. This emerging field is 
assessed in the following section from a fresh angle, from the hardware point of view. 

7.3 Systems Biology – the Hardware Way 

Cells are complex systems. Although complex systems are irreducible, researchers are 
trying to comprehend them in parts.  “Systems biology is the study of the interactions 
between the components of a biological system, and how these interactions give rise to 
the function and behavior of that system” [190].  

In practice, two directions can be observed – wet-lab cell experiments and in silico 
experiments. Biological wet-lab experiments have to be planned extensively as their 
price is high due to the large amount of manual work involved. The instrumentation 
and consumables are also pricy.  

In silico experiments rely on the use of databases of results of wet-lab experiments and 
combine them into mathematical models. The use of worldwide databases enables vast 
amounts of data for models to be available in a short time. The cost of these models is 
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mostly in the developmental work. Models can be easily varied and various hypotheses 
tested almost instantly.  

So far, most of the data used for development of the models comes from data mining 
experiments that have been collected into several world-wide databases, such as [178], 
[132], [168], and [85]. These databases contain data for different cell types and 
different experimental setups by different groups. The databases are, for instance, able 
to scale the data obtained with different instruments, but they are blind to the 
variations of laboratory practice among different groups. 

These practices can differ only subtly. In fact, the procedure description will be the 
same and even good laboratory practice may be implemented in all the laboratories.  
The differences come from practical issues such as incubator parameters (e.g. the time 
it takes to achieve 37°C after sample retrieval), frequency of incubator use (each time 
one of the researchers opens an incubator, the temperature drops), the set-up of the 
research laboratory (distances from storage to testing sites), type of illumination in a 
microscope (different amounts of heat produced), the length of the measurement 
(measurements are typically performed in not-so-optimal environmental conditions) 
and others. These subtle differences lead to variation in results from the same 
experiment when difficult-to-culture cells are used.  

A lot of systems biology research focuses on model cells such as Escheria coli or 
drosophila. These simple organisms can be controlled throughout their lifetimes as 
they are relatively easy to culture and maintain. Their requirements with respect to 
culturing conditions are not as strict as in the case of human primary or stem cells. 
Therefore, experiments on these cells do not display a large variation in results.  

On the other hand, a lot of effort is put into differentiation studies involving stem cells, 
signaling studies with neuronal cells and other difficult-to-culture cells. These cells are 
very sensitive to environmental changes. These changes do not have to be visible 
morphologically, but may affect a function of such a cell. Therefore, many approaches 
taken with model cells cannot be directly applied to these cells. 

From the systems biology point of view, in order to eliminate the differences, it would 
be necessary to study empirically the variation of results for the same experiment 
under different environmental conditions and then generalize the model obtained for 
other studies. When used, the data typically does not contain meta-data, such as the 
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conditions at which the experiment was performed. Therefore, the variations in results 
are hard to trace in current databases. 

Furthermore, more detailed, standardization of cell cultivation protocols is inevitable. 
The cell-culture specific environmental history information has to be stored together 
with the experimental results in order to be able to reliably analyze the results from 
different experiments. Thus, both modules are highly applicable in this fast growing 
field. 

7.4 Market Value 

The market value is hard to evaluate for this specific segment. However, the overall 
development of the markets is a good predictor of future behavior. In the following, a 
few forecast reports are briefly summarized. 

The US in vitro toxicity testing market was valued at 600 million euros in 2006 [19]. 
The market is expected to grow to 1,1 million euros by 2011 [19]. 

Market projections for systems biology products and services are expected to grow to 
600 million euros by 2008 [34]. However, this is mostly focusing on data mining, 
bioinformatics and computational models and not on the generation of the reliable wet-
lab experimental data. 

Personalized medicine is a component of the molecular diagnostics market, which is 
the fastest-growing segment of the in vitro diagnostics (IVD) market. According to 
S.G. Cowen & Co., the IVD industry was a 20-billion-euro industry in 2004. The 
molecular diagnostics market segment is expected to grow from 1,4 billion euros in 
2004 to 2,7 billion euros in 2009 [28]. 

Most of the markets actually overlap and therefore, for the evaluation of the proposed 
system, cell-assay seem to be the closest market segment and is evaluated in the 
following paragraph.  

The cell-assay market is largest in the US, accounting for 50 % of the total, leaving 
Europe with 30 % and Japan with 15 % [50]. In 2004, the European cell-based assays 
market was valued at 110 million euros and is expected to reach 290 million euros by 
2011 [51]. In the worldwide context, the cell-assay market is projected to grow to 500 
million euros by 2009 [50].  
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7.5 Product Value 

At this moment, it is difficult to value the proposed system. However, it is possible to 
look at the current systems on the market. 

Typically, the environmental conditions in the well plate are controlled in an 
incubator. A big scale incubator (55 L) and a small-scale incubator for well-plates are 
considered (20 L). The inner area is multiplied by the number of racks. The total area 
is divided between well-plates, resulting in a 30 well-plate space in the larger 
incubator and 24 well-plates in the smaller one. If 12-well plates are considered, the 
price of the incubator is then around 4 euros per well in the larger incubator and 7 
euros in the smaller one.  

With this calculation, the price of the proposed system should not be higher than 100 
euros. On the other hand, the results from a state-of-the-art incubator presented in 
Section 3.3 indicate that the incubator is not sufficient for environmental control 
during the whole experiment. 

On the other hand, the proposed system offers more than just incubation. The other 
functions cannot be therefore included in this product value estimation. 

According to [50], the price of a cell assay system averages at 800 euros with the 
instrumentation costing 200 thousand euros. However, this does not relate the costs to 
costs per well. One such HCS system [22] has an integrated environmental control 
with live cell imaging. However, the system does not provide well-specific 
environmental measurements or well-specific environmental control. The system is 
able to handle two well-plates and includes the imaging software. 

7.6 Conclusion 

The markets indicated in this chapter are expected to grow rapidly over the next five 
years. This includes also the shift of pharmaceutical companies to HCS, the emerging 
markets of personalized medicine, as well as system biology penetration to the fields 
of drug discovery, biotechnology, agriculture, and others. Similarly, stem cell research 
is moving towards clinical use and therefore, further standardization efforts are to be 
expected. 
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This chapter has also shown how the proposed system fits into these markets. For that 
purpose, the system has been considered in terms of two modules, the measurement 
module for collection of data and the total environment standardization module. In 
fact, if the proposed system would be accepted by a wider society, it has good potential 
to become a common tool for protocol standardization. This would assist many fields 
utilizing cell-based assays. 

The product value has been assessed. The proposed system is not expected to compete 
with the traditional incubators in price, but in functionality. The cost of integrated 
HCS cell-assay systems averages around 200 thousand euros. These systems typically 
also include imaging. The measurement module could assist the systems on the market 
with validation data. The environment standardization module can be fitted to virtually 
any microscopy system and thus can be extended to a similar extent as systems already 
on the market. Moreover, the proposed system does not only promise stable 
environmental conditions, but can also provide measurements verifying it for each 
well. 



 

Chapter 8. Conclusion and Future Work 
 

This chapter first summarizes the most important results of the thesis. The future work 
following the work accomplished in this thesis is outlined in Section 8.2. Future 
outlooks in the fields related to cell cultivation are discussed in Section 8.3. 

8.1 Conclusions 

The thesis focused on the instrumentation necessary for cell cultivation of adherent 
cells, due to the fact that most mammalian cells are adherent. Although most cell-
based testing has been done so far on immortalized cell lines, the trend is moving 
towards primary cells. The research in the field of stem cells is at the stage where the 
results are slowly moving towards clinical applications. Both primary and stem cells 
are more sensitive to environmental changes.  

Typically these patient-specific cells are not available in large quantities and therefore, 
are not suitable for HTS. On the contrary, it is beneficial to get as much information 
from the same sample as possible, which is a clear move towards HCS. The thesis has 
shown that the state-of-the-art performance of a high-end incubator is very good. 
However, HCS experimental systems for live cells and tissues cannot always be placed 
into high-end incubators due to the need for microscopy observations. On the other 
hand, experimental systems that do not have embedded environmental control cannot 
provide reliable repeatability of the experimental conditions. The same experimental 
procedures between different laboratories can therefore not be applied directly. This 
clearly indicates a market gap for an environmental control system that relies on 
standards currently used by the segment. 
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Based on these market evaluations, Chapter 3 further assessed various strategies for 
environmental control. The perfusion has been chosen as the closest one to mimic the 
in vivo situation, since the body is perfused with venial and arterial networks. The 
components of a perfusion system were analyzed.  

An original cell cultivation system was proposed in Chapter 4. The system addresses 
the standardization demands posed by future trends to move to difficult-to-culture cells 
and offer repeatable HCS testing. The system is based on a long-used standard, the 
well-plate, which ensures compatibility with current systems. That overcomes the 
resistance of, for instance, the drug discovery market to acquire new platforms. 
Moreover, the system enables validation with market-trusted methods, such as 
fluorescence. 

The proposed system is analyzed first on the functional level and then on the 
component level. The key component is a functional lid that addresses each of the 
wells with individual streams of medium. This enables individual environmental 
control in each of the wells. Due to expectable disturbances and experiment-specific 
demands, the system cannot ensure environmental conditions in an open-loop. 
Therefore, a set of sensors has to be incorporated. There have been research efforts for 
sensor implementation directly into the wells. However, such a solution does not 
satisfy the standard well-plate requirement and more importantly, obstructs the 
observation area for microscopy/fluorescence studies. The author proposes a soft-
sensing approach, where the sensors are placed into the microchannel network and 
thus the well-plate remains fully isolated from the system. 

The main functions of the proposed system are heating, oxygenation and perfusion. 
Typical heating approaches include the hot air used by incubators or heating plates 
used during microscopy. Also here, the proposed system is inspired by nature, using 
the growth medium as the heat transport medium, which is a parallel to the blood 
circulation system. The oxygenation utilizes the supreme permeability of PMDS, 
which is suggested as a suitable material for the functional lid. Two proposals of 
perfusion system approaches are suggested. 

The assessment of the proposed system brought up several challenging areas, which 
can be regarded as minor risks to the successful realization of the proposed cell 
cultivation system. They are solvable through optimization and re-design. 
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However, there are also some major risks which could lead to a failure of the whole 
idea. The extent of this thesis could not cover all areas and the development of the 
whole system would require extensive financial and human resources, which the 
author believes are available only through international co-operation. Therefore, this 
thesis further considered only the major risks. These include the suitability of the 
material, heating demand versus shear stress and temperature homogeneity. 

Chapter 5 describes a series of wet-lab experiments that were conducted. The tests 
were performed on a test bench consisting of a 12-well plate system equipped with 
thermal sensors, a computer-controlled peristaltic pump and a heat exchanger. 

It was shown that in a 12-well plate system, the working volume has to be at least 
1,5 ml per well in order to ensure homogeneity of the temperature distribution on the 
bottom of the well and to even out possible sudden temperature changes. 

From the hardware point of view, a dripping input (as opposed to an immersed input) 
has a more predictable behavior and improves the temperature distribution. It is 
therefore the preferred choice for the proposed system. A better temperature 
distribution could be achieved with multiple inputs and outputs. However, the space 
for the channels is limited and for the best performance, separate valves or pumps for 
each inlet would be necessary, which would increase the complexity of the system 
considerably. 

The shear stress at cell level (10 μm from the bottom of the well) was estimated using 
FEM. As expected, the maximum shear stress occurs in the vicinity of the inlet. The 
shear stress decreases with increasing input diameter and with decreasing input flow-
rate. Positioning of the input and output closer to the center of the well increases the 
shear stress. Therefore, input and output should be positioned at the edges of the well 
and for flow-rates above 0,4 ml/min, the input diameter should be larger than 400 μm. 

A temperature soft-sensor was developed, based on a linear model. The linear model is 
suited well for the temperature measurements and can perform well even with one 
measurement downstream as long as there are no major disturbances. The suitability to 
other measurements, such as pH or O2, can not be directly suggested. The 
methodology used for the development of the temperature soft-sensor can, however, be 
used for the development of other soft-sensors. 

Chapter 6 focused on possible risks associated with the material and manufacturing 
choice. An experiment with fluorescent dye proved that native PDMS exhibits non-
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specific binding. The PDMS exhibited a negative weight change after immersion in the 
culturing medium. However, the HPLC-SEC study showed no foreign or missing 
components in the growth medium at the selected wavelengths. Given that the medium 
will be continuously supplied, the empty surface sites will be rapidly saturated and 
further adsorption can take place only with compounds of stronger affinity to the 
surface. 

Despite these findings, the negative properties of PDMS are outweighed by its 
advantageous properties for cell cultivation. These include optical transparency, non-
fluorescence, easy sterilization, and gas permeability. 

In terms of online chemical measurements, PDMS has not been studied, as 
implementation of chemical sensors was not in the scope of this thesis; instead, the 
properties were assessed theoretically. In the case of repeatable behavior, a 
mathematical model can be used to compensate for analytical changes like sensor drift. 
In case of non-repeatable behavior or of behavior influenced by uncontrollable 
disturbance, a model might not be sufficiently precise and a chemical coating against 
non-specific binding might be an easier solution. 

Chapter 7 assessed the market outlooks. Several market survey reports indicate a 
rapid growth in cell-based assays over the next five years. This increase is attributed to 
the shift of pharmaceutical companies from HTS to HCS, the emerging markets of 
personalized medicine, as well as system biology penetration in the fields of drug 
discovery, biotechnology, agriculture, and others. Stem cell technology is also mature 
enough for clinical applications and therefore, standardization efforts are expected. 

System biology is currently focusing on the fusion of data available from various 
specialized databases. The data is not fully compatible, since there is little knowledge 
on laboratory-specific differences in experimental conditions. Hence, these differences 
bias the results of the in silico models developed based on the data from various 
sources. Therefore, future experiments will have to contain more data also on the cell 
environment during the whole experiment. A system being able to record such data, 
does not exist to the best of the author’s knowledge. 

The chapter also showed, how the proposed system fits into these markets. For that 
purpose, the system has been separated into two modules, the measurement module for 
the data collection and the total environment standardization module. In fact, if the 
proposed system would be accepted by a wider society, it has good potential to 
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become a common tool for protocol standardization. This would assist many fields 
utilizing cell-based assays. 

The product value has been assessed. The proposed system is not expected to compete 
with the traditional incubators in price, but in functionality. The cost of integrated 
HCS cell-assay systems averages around 200 thousand euros. These systems typically 
include imaging. The measurement module could assist the systems on the market with 
validation data. The environment standardization module can be fitted to virtually any 
microscopy system and thus, can be extended to a similar extent as systems already on 
the market. Moreover, the proposed system does not only promise certain 
environmental conditions, but can also provide measurements verifying it for each 
well. 

8.2 Future Work 

There is a clear need for the proposed system in the market, which is currently 
booming. The proposed system has good chances to become an international standard 
for protocol standardization, increasing the reliability of the models developed by 
system biology, for instance. The extent of the system as well as its possible impact on 
the market demand an international co-operation in both the biology and engineering 
fields. 

The key areas from the engineering point of view are system engineering, microsensor 
technology, microfluidics (focus on micropumps and microvalves) and software 
engineering. The system cannot be successful on the market without validation and 
approval by the users. These should include groups developing and using cell-based 
assays. In order to truly appreciate the value of the proposed system, groups using 
similar cell-based assays should be involved, in order to be able to evaluate the 
expected differences. 

It is crucial to bring the proposed system also to the attention of systems biologists. 
Current databases and data fusion system cannot accommodate accompanying 
information for the data. A discussion on the extent of the accompanying information 
should commence. An awareness amongst the system biologists in this area should be 
increased.  
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The next step is to identify and to address the leading groups in the above-mentioned 
areas. Since the system obviously has different target groups in research organizations 
and universities as opposed to the large companies in the market, it is important that 
both sides are involved in prototype development.  

8.3 Other Automation Opportunities in Cell-Based 
Studies [II] 

The developments in the in vitro cell and tissue models demand hardware 
developments. These should offer biologists not only a solution to a single problem, 
but also should take into account demands in the pre- and post-culturing stages. The 
pre-culturing stages involve currently tedious manual processes leading to cell 
isolation from a tissue. This stage currently involves either chemical or mechanical 
methods, which pose a considerable stress on the studied cells and can therefore result 
in changed physicochemical properties of the cell. Moreover, researchers are 
increasingly interested in larger heterogeneous specimens involving specific cell types 
and undisturbed cell-to-cell interactions. Several automated systems for cell isolation 
from tissue specimens exist. However, their performance is either too slow or the 
stress on the cells too high. This opens another open field for automation. The tasks to 
be covered range from tissue slicing, cell recognition, cell/tissue gentle dissection and 
placement in cell-friendly environment.  

The cultivation of such slices may then need further developments also in terms of 
culture purity (removal of undesired cell types) and strict homogeneous conditions. 
The in-cultivation and post-cultivation stages will involve shock freezing to allow 
freeze fracture microscopy or sampling (e.g. by aspiration) of cultured cells for various 
in-depth analyses such as DNA and protein analysis. That assures, for instance, in stem 
cells the differentiation to correct direction.  

So far, most of the engineering contributions are in the hardware area, including 
addition of new functions to the system, increasing the amount of data obtained from 
the process, and reducing size. Despite the number of newly developed systems, the 
market has been resistant to these non-standardized innovations.  

In the future, hardware developments should be at first followed with collection of 
comprehensive experimental data, allowing process identification and development of 
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models. Based on these models, new control schemes can be employed taking into use 
on-line data analysis algorithms to ensure improved performance. 
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