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Abstract 

 

Visualization of cellular processes over extended periods of time has been hampered by the 

cellular requirement for heat, humidity and a physiological pH balanced media. The advances 

in micro technologies have enabled the production of miniaturized cell culture devices 

capable of sustaining mammalian cell growth over extended periods of time. 

 

In the present work a novel perfusion based micro cell culture chamber with imbedded 

thermal monitoring and regulation is presented. The chamber sustained the culturing and on-

line monitoring of both cancer cell lines as well as stem cell lines over long periods of time 

(>2 weeks and >90 hours respectively) after which the chamber became confluent and the 

experiments were stopped. The culture conditions in the chamber were assessed by means of 

morphological observations, growths kinetics and whole genome expression profiling on 

transcriptome DNA microarrays. The results suggested that the culturing conditions in the 

µCCC were comparable to those in the conventional culture flask, if the intensity of the 

microscope and ambient light was carefully monitored. 

 

Surface modifications of the structural photoresist SU-8 commonly used for realizing micro 

channels by means of lithography were assessed for their ability to sustain cell culture. The 

biocompatibility of the surface modifications were assessed by means of morphological 

observations, growths kinetics and whole genome expression profiling on transcriptome DNA 

microarrays. The latter method was denoted bio-comparability enabling the distinguishing 

from biocompatibility. A surface modification was found to result in comparable morphology 

and growth kinetics to the reference cell culture flask, but showed a significantly different 

gene expression profile suggesting biocompatibility does not infer bio-comparability. 

 

A novel random priming method for initiation of reverse transcription reactions and real time 

PCRs was developed. The impact of the simple switch of primer was found to increase the 

yield of cDNA by 100 % corresponding to 80 % of the RNA template was reverse transcribed 

into cDNA. Furthermore the random priming method increased the amount of detected genes 

on transcriptome DNA microarrays by 24 % in the Cy-3 channel and 81 % in the Cy-5 

channel, suggesting a significant better coverage of the transcriptome.    
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1 Introduction  

 

Cell culturing is a core method in biological science and clinical research, as well as in many 

biotechnological and biomedical engineering areas. Since the initial culturing of human cells 1  

one objective has been to study the morphological changes in the cells over time. 

Traditionally this has been performed by systematic inspection of a cell culture over time. The 

ability to monitor cellular behavior in real time may enable new understandings of cell 

function or behavior. The main obstacle in imaging of cells is not to take the picture – but 

being able to take several continuous pictures of a few cells, without affecting culturing 

conditions 2. 

 

Several different solutions has been attempted to achieve on-line monitoring of cellular 

cultures. However, to the best of our knowledge no one has so far provided insight into how 

the cell culture grows in the chambers. Minute changes in culturing conditions can and most 

likely will induce cellular responses. These responses may be detected in terms of an altered 

viability, morphology, growth kinetics or whole genome expression profile, but may also be 

on the protein level and hence may not be identifiable with DNA microarrays. 

 

Conventional cell culturing 

Typically, Eukaryotic cells are cultured in a nutrient buffer within plastic culture flasks, Petri 

dishes or multiwell plates. For keeping the fastidious and fragile Eukaryotic cells alive, 

several criteria have to be met. First, the temperature has to be controlled within a narrow 

range around 37 ºC. Second, the pH of the media has to be maintained around the 

physiological 7.4. To accomplish this, most culture methods employ a buffering system 

similar to that found in blood, in which there is an equilibrium between dissolved CO2 

(bicarbonate anion) and a well-regulated usually 5 % CO2 atmosphere. The two first 

conditions are met by placing the cell culture inside a CO2 incubator maintained at 37 ºC, 5 % 

CO2 and around 80 % humidity. Third the cell culture media has to be balanced in terms of 

osmolality i.e. the concentration of osmotic active components in the media has to match 

physiological conditions required by the specific cell line. Fourth, the cell media has to 

contain nutrients, vitamins and growth stimulating effectors. Conventionally this criterion is 

met by supplying a standard media with fetal calf or bovine serum in volumes from around 1 
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% or less and up to 20 % in some instances. For observation under a microscope the cells are 

removed from the incubator and brought into room temperature and atmosphere (<0.05 % 

CO2), resulting in bicarbonate leaving the medium as gaseous CO2 and the pH rapidly drifts 

up to a lethal alkaline value of over 8.5 3 limiting observation time to twenty minutes or less, 

if the temperature or pH of the cell culture is not to be adversely affected.  Microscopes with 

CO2 enriched stage environments are now commercially available and can prolong the 

observation time outside the CO2 incubator or even replace the incubator in selected studies 
4,5. 

 

Cell culturing chambers 

The advances in microfabrication and polymer technologies and the opportunities offered in 

terms of design and fabrication of miniaturized cell culture systems 6 has led to the 

development of several cell culture chambers. Some chambers focus on single cell 

observations over long periods of time 7-13. Another group of micro chambers holding a larger 

amount of cells focus on large scale cell culturing 14,15, wound healing processes 16, heat shock 
17, cell-cell interactions 18 cell differentiation 19, myocyte synchronization 20, chemotaxis 21, 

electrical characterization 22-24, electroporation 25 and cell stress levels 26. Other studies rely on 

arrays of interconnected cell culture chambers for on-line gene expression 4,5 or potential drug 

screening 27,28. More advanced chambers seeks to elucidate the toxicological and 

pharmacological profiles of chemicals and pharmaceuticals relying on interconnected 

chambers each holding different cell lines representing the different organs and their 

interconnective metabolism 29-31. Insight into intracellular events pose high requirement to the 

optical properties of the materials comprising the chamber(s) 32,33 hampering the use of 

polymeric materials due to stress and strains build up during injection molding 34. 

 

Obtaining and maintaining comparable growth conditions 

Maintaining the desired culturing temperature within a narrow range of e.g. ± 0.1 ºC can be a 

challenge even for commercial CO2 incubators. The majority of the above mentioned 

chambers relies on the conventional incubator to supply heat, humidity and CO2 for 

maintaining physiological pH  9,19,23,27,28 or a commercial microscope equipped with a CO2 

enriched stage environment 4,5. Alternatively the temperature of the microscope stage was 

regulated 18,  or the chamber exterior was perfused with temperature balanced water 17,26, or a 

resistive heating coil feedback controlled based on reading from an intern temperature sensor 
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32. In another system the chamber interior was perfused with temperature regulated media 7. A 

more advanced system used indium tin oxide (ITO) coated glass to supply heat to the chamber 

bottom and/or heating of the chamber exterior walls in response to an internal temperature 

sensor 16,24. 

Heat sensing element 

A vital part of the µCCC is the heat sensing element. The objective was to be able to monitor 

the actual temperature of the media inside the culturing chamber with real time accuracy. The 

physical dimensions of the chamber, significantly limits the amount of available measuring 

devices. Resistance Temperature Detectors (RTDs) operate on the principle of changes in 

electrical resistance of pure metals and are characterized by an almost linear positive change 

in resistance with temperature. They are typically made of platinum wire/film and therefore 

quite expensive. Another commonly used temperature devices are thermocouples. The 

working principle of thermocouples is that an output voltage is produced which depends on 

the temperature difference between the junctions of two dissimilar metal wires. Hence the 

measured temperature is not an absolute temperature but a temperature difference. 

Furthermore thermocouples would require rather complicated electronic circuits to get a 

correct readout of the actual temperature. Thermocouples with sub-millimeter dimensions are 

commercially available but are quite expensive (>400 €). The third group of temperature 

measurement devices commonly used are thermistors, which are temperature sensitive 

semiconductors exhibiting rapid and large changes in resistance for relatively small changes 

in temperature. Most thermistors have a negative temperature coefficient of resistance, i.e. as 

temperature increases, their resistance decreases. When connected to an electronic circuit 

these changes can be monitored and converted in to temperature readings. The dependence of 

resistance on temperature is exponential. For low temperatures (< 100 ºC) it is possible to 

approximate it to a linear dependence. By calibrating the thermistor at two different 

temperatures the relationship between the actual temperature and resistance is given by the 

simplified Steinhart - Hart equation (Formula 1).  

 

( )RBA
T

ln
1

⋅+=  

 

The typical constants A and B are provided by the manufacturer, but they may vary slightly 

for each device, so for high precision temperature measurements, the constants may be 

Formula 1 
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determined by calibration. Thermistors are commercially available with different physical 

dimensions, properties, accuracies, insulations composition and price. 

Biocompatibility 

In biology the most elementary however complete unit is the cell. It is the simplest unit that is 

alive. Being alive results in the cell interacts with its surrounding environment in a dynamic 

fashion both responding to and influencing it 34. Minimizing the effect of the culturing 

environment requires the use of biocompatible surroundings. The term biocompatible surface 

refers to a surface devoid of both cytotoxic and positive effects in the sense of 

biofunctionality i.e. promotion or obstruction of biological processes compared to the 

reference surface 35,36.  

 

Cytotoxicity determination is an important aspect in biomaterial testing standards such as 

International Organization for Standardization (ISO) and American Society for Testing and 

Materials (ASTM). However, the absence of cytotoxicity e.g. measured by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) test 37 or fluorescent 

membrane integrity test (FMIT) 38 does not imply that a material is biocompatible. For each 

application, tests have to be conducted in settings reflecting the natural environment and the 

demands posed on the application to elucidate the biocompatibility of the material. The 

biocompatibility of a material has been related to cellular functions like adhesion 38-40 and 

spreading on the surface 41, proliferation rate 40, metabolic activity 40, surface inhomogenicity 

and moderate wettability 42,43. However, decreasing wettability may not represent increasing 

biocompatibility 44,45.  

 

Bioincompatible surfaces such as SU-8 8, glass and silicon 24, silicon 26, poly lysine coated 

silicon 30, alkanethiol self-assembled monolayers 46, polyimide 47, plasma polymerized hexene 
48, and bovine serum albumin (BSA) coated glass 49 have been rendered biocompatible by 

coating with fibronectin 30,46,47, poly-D-lysine and laminin 24, poly-L-lysine 8,26, adhesion 

peptides 50,51, hydrophilic polymer materials 48 a special designed anchor molecule 49 or O2 

plasma treatment 8 to allow culturing of cells. These coatings may however be laborious, 

expensive, and/or unstable over time. A different strategy has been to realize micro chambers 

by conventional lithographical techniques e.g. in polydimethylsiloxane (PDMS) and bond the 

structures to a piece of glass functioning as culturing surface 7,9,13,27,28 enabling culturing and 

monitoring of down to single cells as well as on-line gene expression profiling of selected 

genes 4,5.  
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Culturing surfaces 

When the culturing surface is changed several factors may influence cell attachment and 

proliferation. The new surface may represent changes in hydrophobicity (wettability), surface 

charge and the density of surface charges, surface roughness and topography, the molecular 

groups exposed on the surface and their reactivity as reviewed 36. All of which may influence 

cell adhesion, cell spreading and proliferation rate. Furthermore the surface may interfere with 

the biosynthetic functions of the cell without affecting cell morphology or proliferation 

capacity 52. Culturing cells on surfaces that are not biocompatible may induce changes in the 

gene expression profile in a cell. This was apparent when studying changes in gene expression 

in MG63 osteoblast-like cells grown on zirconium oxide where genes involved in immunity, 

cell cycle, and vesicular transport was found differently regulated 53.  

 

Cell patterning 

The formation of discrete locations on a surface supporting normal cell growth characteristics 

on a surface otherwise incapable of supporting cell growth, may be used to study cells in a 

well controlled manner, make precise manipulations of cell arrangement and study e.g. 

heterotypic cell interactions 54. To achieve this, it is possible to select specific substrates, such 

as extracellular matrix proteins or specific motifs that interact with cell adhesion molecules to 

support cell adhesion primarily on special designed surface patterns. The resulting 

micropatterning techniques of living cells has made significant contributions to basic cell 

biology, cell-based bioelectronics and tissue engineering 55,56 because of the acquired spatial 

control of cell adhesion and growth in these fields. Several methods have previously been 

reported to achieve micropatterned surfaces, including photolithography 57-59, electron beam 

(EB) polymerization using masks 54, micro contact printing 60-62, microfluidics 63,64, and the 

use of elastomeric membranes with many holes 65,66. Although the use of polymers simplifies 

fabrication of micropatterns and reduces the cost for disposable bioassay devices, these 

methods are intricate because of the numerous serial steps necessary for fabrication of the 

micropatterned surfaces 61. 
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Phototoxicity 

The visible light wavelength spectrum is 400-700 nm with ultraviolet (UV) wavelengths 

below 400 nm. Photoeffects on media components or cells have been observed at wavelengths 

below 540 nm 67. Common fluorescent lamps emit significant light in that range, as do 

sunlight and tungsten sources. Phototoxic effects of visible light was found to be related to 

photodecomposition of riboflavin/vitamin B2 68,69, tyrosine 70 and tryptophan 71 and the 

generation of 1O2 and ·OH 69-72. As riboflavin absorbs light maximally at 375 and 447 nm 73 

this supports that photoeffects are most likely to be the result of UV or near UV light. Free 

radicals released due to photodecomposition of media components have been found to induce 

serious cell damage and fibrogenesis as reviewed in 74. Whether these effects occur under 

typical confocal imaging conditions is unknown, but many of the photoeffects may be 

eliminated by antioxidants/free radical scavengers like pyruvate (2-10 mM) or vitamin C (1-5 

µM) and E (1-5 µM) 69,75, indicating it to be advisable either to add anti-oxidants or to reduce 

the light intensity below the threshold. Some media designed for the low ambient CO2 levels 

use additional organic buffers, such as N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

(HEPES), to maintain physiological pH. However, HEPES is highly photo sensitive, and 

phototoxic effects in HEPES buffered media have been reported even under standard 

fluorescent ceiling lights 75,76. 

 

Reverse transcription as a method for generating cDNA. 

Reverse transcription of RNA into cDNA is a core method for analysis of gene expression 

using DNA microarrays or real time PCR (RT-PCR) 77-81. The reverse transcription should 

result in a cDNA population which reflects the original mRNA population in terms of 

transcript abundance and complexity. Furthermore, the reverse transcription reaction should 

be as efficient as possible to give maximum sensitivity in the final assay. Sensitivity is often 

problematic in microarray analysis of un-amplified mRNA. Sensitivity is also an issue when 

following fusion gene markers in cancer patients where, for instance, it is desired to detect a 

single cancer cell expressing the BCR/ABL fusion transcripts in a background of 100,000 

normal cells in Chronic myelogenous leukemia (CML) patients 82,83. This suggests that 

improvements in reverse transcription could have large impact in assay results.  

 

Important parameters to obtain high yield cDNA of good quality is the RNA quality 84-88, 

priming strategy 89 and enzyme efficiency 90,91. Reverse transcription can be primed using 
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specific primers 92,93 which is a possibility if relatively few different transcripts are targeted. 

This is not a practical option for whole transcriptome analysis using microarray since it would 

require synthesis and mixing of thousands of specific primers. In those cases, the reverse 

transcription reaction is primed with Oligo(dT) 94,95 random hexamers 95-99 or random 

nonamers 96,100. Oligo-dT priming has the virtue of producing cDNA from the 3’ end of polyA 

mRNA allowing total RNA to be used as template, but often results in a 3’ bias compared to 

random priming 91. Random primers can and will anneal to all RNA molecules containing the 

complementary sequence, and as the target mRNA population only typically compromises 

less than 2 % of the total RNA pool, cDNA synthesis from total RNA with random priming 

will produce a large quantity of fragments most likely originating from ribosomal RNA that 

lack specificity in hybridization and can give rise to elevated background signals. As a result 

random priming is preferred when using poly(A) purified RNA like mRNA or amplified RNA 

(aRNA). However, the impact of different length of primers in the reverse transcription 

reaction has been left unaddressed. 

 

DNA Microarrays and gene expression profiling 

An invaluable tool for acquiring an overview of which genes are expressed in a cell culture is 

the DNA microarray 94,101. The DNA microarray technology utilizes a high-density array of 

nucleic acid probes 102 of various length and sequences located in discrete spots usually on a 

microscope slide, enabling the interrogation of a complex sample for complementary target 

sequences to the arrayed probes in a single experiment.  

 

Two different types of DNA microarrays exist, “cDNA microarrays” and “oligonucleotide 

microarrays” respectively. In cDNA microarrays the individual probes are derived from a 

physical source (e.g. PCR amplicons from cDNA clones or expressed sequence tagged sites 

(ESTs)) 94,103, while the probes in oligonucleotide microarrays are systematically made based 

on sequence information, either synthesized directly on chip 104 or arrayed as oligonucleotides 

using a spotting robot 105. Utilizing two differently labeled target preparations the targets will 

bind to the arrayed probes in amounts reflecting their concentrations and hence abundance in 

each of the two analyzed sample. Conventionally the ratio between the signal intensities of the 

two channels are computed 105 and used as an indication to which genes are regulated relative 

to a control preparation. This allows for the comparison of two different cell cultures or 

conditions on a transcription wide scale in a single experiment 106 or e.g. enables the study of 

cancer progression in patient material 107,108. 
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However, much regulation is performed not on the transcriptional level but on the 

translational level as well as modifications to the finished proteins i.e. glycosylation or 

(de)phosphorylation are performed in response to certain stimuli. This regulation is not 

reflected in the DNA microarray data. This information could be captured using a protein 

array but this technology is still in its infancy and large scale protein arrays may not be 

commercially available for several years 109.  
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2 Aim of the project 

 

The aim of the Ph.D. project described in this thesis was to explore the potentials of 

microfluidics and micro technology for realizing a platform or chip that would enable on-line 

monitoring of Eukaryote cells outside the CO2 incubator. The intention of this was to bring 

light to cellular events otherwise kept in the darkness of the conventional CO2 incubator. The 

chip was to provide culturing conditions resembling the conventional cell culture flask using 

non-modified conventional media enabling the comparison of results obtained in the chip with 

results from the literature. 

 

On-line monitoring of Eukaryote cells has several advantages such as the study in real time 

cellular events like attachment on various surfaces, cell division and cell death to name a few. 

 

During the course of the project, whole genome expression profiling was utilized as a novel 

tool for assessing the biocompatibility of cell culture conditions and surfaces and was denoted 

bio-comparability. 
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3 Materials and Methods 

Fabrication of µCCC: 

The µCCC was made out of five poly-methyl-methacrylate (PMMA) sheets, each separately 

cut and micromachined by laser ablation (Figure 1), and assembled into a functional structure 

by thermal bonding as described by Klank et al. 110.   

 

A

B

C

D

E

A

B

C

D

E
 

Briefly, an infrared (IR) laser ablation system (Synrad Inc., Mukilteo, USA) was run using 

500-800 mm/s beam movement velocity, 28-32 W laser power and 1000 dpi exposure 

resolution to induce chip contours, alignment holes, chamber, heater spacers, and microfluidic 

channels in 1.5 mm (Figure 1 layer (A), (B) and (E)) in and 0.25 mm (Figure 1 layer (C) and 

(D)) thick PMMA sheets (type 99530 Röhm GmbH & Co. KG, Darmstadt, Germany). Prior 

to the bonding processes, the micromachined PMMA parts were annealed at 80 °C for at least 

30 min in order to avoid stress cracks in the structure. After annealing, the parts were wiped 

with 96 % ethanol, aligned and sandwiched between two custom made glass bonding blocks 

(Gustav Sørensen & søn, Rødovre, Denmark) (Figure 2) and exposed to 110 °C in a Memmert 

oven (Memmert, Schwabach, Germany) under 100 Ncm mechanical pressure set with a 40-

200 Ncm torque screwdriver (Lindstrom, Orange, CA, USA) for one hour, resulting in an 

irreversible bonding of the structured PMMA parts. 

Figure 1: Construction of the µCCC. 

(A) Top lid. (B) Layer defining the cell 

culture chamber microfluidics channels, 

barriers, inlet, and outlet for media 

perfusion as well as cell seeding. The 

thermistor was prior to bonding inserted 

between layer (A) and (B) and aligned 

manually. (C) Isolating layer preventing 

media from short circuiting the heater. 

(D) Layer holding the heater, which 

consists of a sheet of ITO coated PET 

film indicated with a lighter shade of 

gray. (E) Layer contains alignment 

grooves for electrodes to the heater and 

protects the heater from the environment. 

Each layer contained four alignment 

holes.  
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Figure 2: Bonding of the µCCC using glass bonding blocks. The glass bonding blocks were made of 12 mm 

thick glass and contained four Ø2 mm alignment holes. Needles were inserted in channels during bonding to 

maintain the integrity of the inlets and outlets channels.  

 

After bonding, the bonding blocks with µCCC were allowed to cool to room temperature 

before the pressure was gently released. Electrical connection to the ITO coated film (15-25 

Ω, Sigma-Aldrich, Steinheim, Germany) was achieved with standard cupper wires and 

conductive epoxy based glue (Circuitworks, Chemtronics, Kennesaw, GA, USA). Curing of 

the glue took place at 80 °C for 15 minutes. The resistance through the ITO-film was used as 

a measure of the connection quality. Only chambers with a resistance lower than 17 Ω were 

used. Higher resistance indicated improper connection to the ITO layer which would result in 

inadequate heating. Inlet tubes were realized from blunt end 18 gauge stainless steel needles 

(Becton Dickinson, Drogheda, Ireland) that were divided in two by a metal saw and scratched 

on the surface for better attachment to the structure. Attachment to the structure was 

performed with epoxy glue (R&G GmbH, Waldenbuch, Germany). Electrical isolation of the 

electrodes was obtained by coating with a thin layer of epoxy glue. The layout of the µCCC 

with the functional parts labeled is provided in Figure 3. 

 

For some chambers a UV curable glue Dymax 952-T (Dymax, Frankfurt a.M., Germany) was 

used to provide sealing to the µCCC. Curing of the glue was performed with an UV75 UV 

source (Thorlabs, Ontario Canada). 
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Figure 3: Layout of the µCCC with the functional parts labeled.  

 

Imprinting of topographical features in PMMA 

A sheet of 1.5 mm thick PMMA cut to size of a 4 inch wafer was imprinted using a wafer 

containing various topographical features such as lines, squares, circles etc. of various lateral 

dimensions ranging tens to hundreds of µm. The height of the features were 90 nm. 

Imprinting was performed in an EVG 520HE parallel plate nanoimprinter, setting the 

temperature of the lower piston to 130 ºC and the upper piston to 97 ºC to avoid bending of 

the PMMA due to the different heating/cooling rates of the pistons. A pressure of 15,000 N 

was applied for 2 minutes in a vacuum atmosphere. 

 

Temperature control 

The temperature inside the cell culture chamber was controlled by a proportional-integral-

derivative (PID) feedback loop which was implemented using LabView v7.0 software 

(National Instruments, Austin, USA). The computer program controlled the voltage applied 

on the ITO film based heater depending on the temperature readings from the micro-

BetaCHIP thermistor model 10K3MCD (BetaTHERM, Shrewsbury, MA, USA) located 

within the cell culture chamber (Figure 3). A USB based multifunction data input/output 
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board (LabJack U12; LabJack Corporation, Lakewood, USA) and two home-made electronic 

circuits (Figure 4) were used to connect the heater and the thermistor to the computer and the 

external power source (9 V, 500 mA, AC/DC converter type OTC 910801, Otron Electronics, 

Hong Kong). One electronic circuit controlled the electrical power provided to the heater 

depending on the voltage level in the analogic output (AO) port of the LabJack board. The 

voltage applied on the heater followed the AO voltage but with much higher current supplied 

from the external power source. The second electronic circuit kept constant current (50 µA) 

passing through the thermistor, and therefore converted temperature dependant resistance 

changes of the thermistor into voltage signals that were registered by the analogic input (AI) 

port of the LabJack board. The voltage signal was further converted into temperature values 

and logged in computer memory by the same LabView code. 

 

 

A B

 
Figure 4: Blueprints of home made electronic circuits. (A) Electronic circuit for connecting the heater to an 

external power source to U12 LabJack USB controller. (B) Electronic circuit for connecting 10 k thermistor to 

the U12 LabJack USB controller for temperature logging. Design and realization of the electronic circuits was 

performed by Sarunas Petronis. 

  

Physical modeling 

Two-dimensional finite element modeling was performed to evaluate fluidic and thermal 

properties of the chip. Modeling was made using Fluid Dynamics and Heat Transfer modules 

of FEMLAB v3.1b software (COMSOL A/S, Kgs. Lyngby, Denmark). The physical 

parameters of the materials used in simulations are listed in Table 1. First, the incompressible 

Navier-Stokes equations were solved to simulate steady state velocity field of the culture 

media perfusion. No-slip boundary conditions were applied on the walls of the channels and 

the chamber, a parabolic velocity profile with average speed corresponding to 0.1 mL/h 

perfusion rate was used at the inlet, and zero pressure conditions were set at the outlet. 
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Table 1: Material properties used in 2D finite element 

modeling of fluid and heat transfer within the µCCC 

PMMA density 1180 kg/m3 

PMMA heat capacity 1500 J/(kg·K) 

PMMA thermal conductivity 0.18 W/(m·K) 

Buffer density  1007 kg/m3 

Buffer dynamic viscosity (37 ºC)  0.0007 N·s/m2 

Buffer heat capacity (37 ºC)  4000 J/(kg·K) 

Buffer thermal conductivity (37 ºC)  0.62 W/(m·K) 

Heat dissipation to ambient  20 W/(m2·K) 

 

Spectral analysis 

The spectrum of the light emitted by the microscope halogen lamp was measured using an 

AvaSpec2048 spectrometer (Avantes, Netherlands). The spectrometer was connected to a 

stepindex optical fiber with a core diameter of 50 µm and a numerical aperture of 0.22. This 

fiber was mounted on the microscope fixture and aligned with the collimated illumination 

light. The spectrum was measured both in the dark and for several settings of the microscope 

light intensity using integration times between 2 and 20 ms. The measurements were scaled to 

an integration time of 20 ms and the dark spectrum was subtracted. Each measurement was 

obtained ten times. 

 

Preparation of modified SU-8 surface 

A 5 µm thin layer of SU-8 XP2005 negative photoresist (Microchem, Switzerland) was spin-

coated on a 4” 500 µm thick Pyrex wafer (Schott corporation, Germany). The SU-8 layer was 

fully cross-linked by UV flood exposure and a post bake processes. The SU-8 surface was 

modified by incubation with 1 M nitric acid (Fluka, Germany), catalyzed by 0.1 M Ceric 

ammonium nitrate (CAN, (NH4)2Ce(NO3)6) (Sigma) at 50 °C for 1 hour and subsequently 

washed with MilliQ water. The material samples were dried and, optionally, treated with 0.1 

M ethanolamine (Fluka) in 0.1 M sodium phosphate (Sigma) buffer (pH 9.0) for 20 minutes at 

50 °C. Finally, the material samples were washed MilliQ water and dried. 
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Patterning on SU-8 surface  

A two-step photolithography process was established to create the hydrophilic SU-8 patterns 

on the SU-8 surface for the cell patterning experiments. A 1.5 µm thick AZ5214e photoresist 

(Honeywell, USA) film was created on fully developed 5 µm thick SU-8 layers by spin 

coating. A shadow mask was applied to define the patterns created by standard light 

lithography. Then the whole wafer was dipped into the HNO3-CAN solution for the first step 

surface treatment. After the HNO3-CAN surface treatment, the AZ5214e photoresist shadow 

mask was lifted off in acetone (Fluka) utilizing 4 minutes ultrasonic agitation. Finally, the 

whole wafer was dipped into the ethanolamine solution to finish the second step surface 

treatment. Thus on the SU-8 surface, patterned areas were rendered to own hydrophilic 

characters for cell patterning and the rest areas kept original hydrophobic characters. 

 

Water contact angle measurements 

Contact angles between the different surfaces and MilliQ water was measured by DSA 10 

MK2 (Krüss GMBH, Germany). 

 

Cell culture in CO2 incubator: 

Human epithelial carcinoma cells (HeLa), human colon adenocarcinoma cells (CACO 2) and 

human colon adenocarcinoma cells with a round and refractile morphology (COLO 205) were 

cultured in 75 cm2 culture flasks (Easyflask, Nalge Nunc International Rochester, NY, USA) 

in 25 mL media (RPMI 1640 media (Sigma) supplemented with 10 % Fetal Bovine Serum 

(FBS) (Sigma), penicillin (100 U/mL) and streptomycin (100 µg/mL) (Sigma)). Cell were 

cultured at 37 °C in an atmosphere containing 5 % CO2 (AGA, Copenhagen, Denmark) in a 

CO2 incubator (Assab, Don Whitley Scientific Ltd., Shipley, West Yorkshire, United 

Kingdom). Seeding of the cells was performed with a density of 6667 cells per cm2 and the 

cells were subcultured every three to four days when around 90 % confluence was reached. 

Cell passaging was performed by trypsinisation (Sigma). Cell count was performed in a 

Bürker chamber (Paul Marienfeld GmbH & Co. KG, Lauda-Koenigshofen, Germany). Cell 

counting in the culture flasks for growth kinetics determination was performed using 

microscopic images of the cell culture obtained by temporarily removing the cell culture 

flasks from the CO2 incubator and placing them on the stage of the microscope (Zeiss 
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Axiovert 200M, Carl Zeiss, Oberkochen, Germany). Three to four images were grabbed using 

the accompanying software of each culture flask on each day over a four day period (twenty 

seven images in total).  

 

Cells cultured in the µCCC 

Prior to culturing the µCCC was sterilized by sandwiching the chamber between the two glass 

bonding blocks at 100 ºC for one hour. No other pressure than the weight of the glass bonding 

block (185 g) was applied. After cooling to room temperature the sterilized structure was 

removed from the glass bonding blocks and the heat sensing element in the µCCC was 

calibrated at room temperature and 37 ºC. Media (RPMI 1640 media (Sigma) supplemented 

with 10 % Fetal Bovine Serum (FBS) (Sigma), penicillin (100 U/mL) and streptomycin (100 

µg/mL) (Sigma)) was brought to room temperature prior to loading in a 20 mL sterile syringe 

(Becton Dickinson). The perfusion inlets of the chip were connected to a 20 mL sterile 

syringe (Becton Dickinson, Drogheda, Ireland) by freshly autoclaved polytetrafluoroethylene 

(PTFE) tubing (Ø 0.8 mm, Bohlender Gmbh, Grünsfeld, Germany), which were attached by 2 

cm long flexible polydimethylsiloxane (PDMS) connectors. Continuous media perfusion was 

realized with a stepper pump (Harvard Apparatus 22, Holliston, MA, USA) and a perfusion 

rate of 0.1 mL/h (1.67 µL/min). 

 

Cells were seeded into the µCCC through blunt end 18 gauge needles (1.2 mm) (Becton 

Dickinson) unless otherwise mentioned. Cells were seeded in a density of 10 to 100 cells 

visible in the view field of the camera (Nikon Cybershot E990) viewed through the 10 x 

magnification objective of the microscope (Nikon model Alphashot 2 YS2, Nikon 

Corporation, Tokyo, Japan) by manually adjusting seeding volume. Cells were cultured in the 

µCCC either on a microscope stage of a standard phase contrast microscope or on the 

laboratory desk. Light to the microscope was provided by a 6 V 30 W G4 halogen projection 

bulb (Phillips, Germany). Cell culture images were digitally recorded using a Nikon Coolpix 

990 camera attached to the microscope via a Nikon Coolpix MDC lens and equipped with a 

Nikon MC-EU1 remote control unit operating in time-lapse mode, typically with five-minute 

period. Images were converted to grayscale tiff images using the program IrfanView (version 

3.97). Time stamps were created using the program Scion Image (version Beta 4.0.2) and a 

home written macro. Time lapse videos were generated using the program AxioVision 

(version 3.1.2.1).  
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Cell counting for growth kinetics estimation was performed manually at selected time 

intervals with the program ImageJ (version 1.33u).  

Cells cultured in the µCCC were extracted by replacing the syringe holding media with a 

syringe containing Phosphate Buffered Saline (PBS) (Sigma) and replace the media in the 

culture chamber by manual gentle perfusion with 2 mL of the PBS buffer. The cells were 

released by trypsinisation by replacing the PBS with trypsin in a similar fashion. When the 

trypsin solution had completely replaced the PBS, the µCCC was incubated for 5 minutes 

after which the cells were released by a gentle knock on the µCCC. Isolation of the cells was 

performed by blocking the perfusion outlet with a stainless steel plug and manually perfusion 

of cell culture media into the µCCC forcing media and cells to exit through the cell seeding 

inlet into 1.5 mL Eppendorf tubes (Eppendorf, Hamburg, Germany). Cells were concentrated 

by centrifugation (300 × g for 5 min) in a centrifuge (5804R, Eppendorf).  

 

Stem cell culturing 

Conventional culturing in the CO2 incubator 

Stem cells were cultured in DMEM/F12 (1:1, Gibco BRL, Invitrogen Life Technologies) 

added penicillin/streptomycin (Sigma), HEPES (Sigma), N2 supplement, Albumax 

(Invitrogen) and Glutamax (Invitrogen). For proliferation, cells were cultured in the presence 

of human recombinant  (rh) epidermal growth factor (EGF) (20 ng/mL; R&D Systems, 

Minneapolis, MN, USA) and rh fibroblast growth factor 2 (FGF2) (20 ng/mL; R&D 

Systems). No serum was added to the medium. The cells were kept at 37 °C in an atmosphere 

of 5 % CO2 in T-25 culturing flasks coated with 5 µg/mL poly-L-lysine (PLL), on which the 

cells were growing as a single attached layer. The cells where passaged by trypsinisation 

(Sigma) every two to four days to a density of ~600,000 cells per T-25 flask.  

 

Culturing in the µCCC 

The sterilized µCCC was seeded by injecting a suspension of cells of 100,000 – 200,000 

cells/mL. Seeding density was performed by manually adjusting the injection volume of the 

cell suspension according to visual inspection of the cell density in the chamber. To increase 

the cell density in the chamber, cells where allowed to settle on the bottom of the µCCC 

before injecting additional cell suspension. The medium was similar to the culturing medium 

described above. 
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Surface coatings of µCCC for stem cell culturing 

Polyethyleneimine (PEI) coating: 

A sterilized µCCC was filled with PEI (10 µg/µL) and incubated for 30 minutes at room 

temperature and gently flushed with PBS buffer. Prior to seeding cells the µCCC was filled 

with culturing media and allowed to achieve a steady culturing temperature of 37 ºC. Seeding 

was performed by manually injection of the cell suspension until the desired culturing density 

was achieved. The seeding density was evaluated by visual inspection of the µCCC. 

 

Poly-L-Lysine (PLL) coating: 

The sterilized µCCC was filled with PLL (20 µg/mL) and incubated for 2 hours at 37 ºC prior 

to 30 minutes of UV-light exposure. The µCCC was subsequently gently flushed with 10 mL 

of PBS buffer. Seeding of cells was performed similar to PEI coated chambers. 

 

RNA isolation and amplification 

Total RNA was isolated by RNeasy (Qiagen, Valencia, CA, USA) according to the 

manufacturer’s instructions. Quantification of total RNA was performed in an Ultraspec 3000 

spectrophotometer (Pharmacia Biotech, Cambridge, England) using 1 µL RNA and 59 µL 

elution buffer (Qiagen) using a 60 µL micro-cuvette (Hellma, Müllheim, Germany). 

Validation of RNA quality was performed on an Agilent 2100 Bioanalyzer using the RNA 

6000 nano kit (Agilent Technologies, Palo Alto, CA, USA). Only total RNA with a RNA 

Integrity number greater than 9.7, assessed by the bioanalyzer was used for amplification 

reactions. Amplification was performed with the Riboamp T7-based RNA amplification kit 

(Arcturus Engineering, Mountain View, CA, USA) according to the manufacturer’s 

instructions using 2 µg total RNA as starting material and yielding 35-40 µg aRNA after one 

round of amplification which was considered sufficient. The quality of the resulting aRNA 

was assessed on the Agilent 2100 bioanalyzer using the RNA 6000 nano kit (Agilent). mRNA 

was isolated from 100 µg total RNA using oligo-d(T)25 Dynabeads (Dynal, Oslo, Norway) 

and following the manufacturer’s directions yielded 2-3 µg poly(A)+-enriched RNA (mRNA) 

in 20 µl 10 mM Tris-HCl, pH 7.5. 
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cDNA synthesis 

cDNA was synthesized as described elsewhere 96, with modifications. In brief: each reaction 

was unless otherwise mentioned primed with 3.35 nmoles of random primers (Sigma-

Genosys, Haverhill, UK or Invitrogen, Paisley, UK) corresponding to 6 µg random hexamers 

in 18.5 µL reactions containing 2-3 µg aRNA by heating at 70 °C for 10 minutes, snap 

cooling on ice for at least one minute. Reverse transcription reaction mixture lacking enzyme 

was added to final concentration of  500 µM of each of dATP, dCTP, and dGTP, 300 µM 

dTTP (Larova Biochemie GMBH, Teltow, Germany), 200 µM 5-aminoallyl-dUTP (Sigma), 

40 U RNasin (Promega, Mannheim, Germany), 1x first-strand buffer (Life Technologies), 10 

mM dithiothreitol (DTT) (Life Technologies) in final volume of 30 µL. The mixture was 

incubated for 3-5 minutes at room temperature to let the primers anneal.  400 U (2 µL) of 

Superscript II (Life Technologies) was added and the mixture was incubated for at 42 °C for 5 

hours. Reactions were quenched by addition of 10 µL of 0.5 M EDTA (Sigma) and RNA 

hydrolyzed by the addition of 10 µL of 1 M NaOH followed by heating at 65 °C for 15 min. 

Reactions were neutralization by addition of 10 µL 1 M HCl, and cDNA was purified on 

QIAquick columns (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions 

but substituting phosphate wash buffer (5 mM potassium phosphate pH 8.0, 80% ethanol) for 

buffer PE, and phosphate elution buffer (4 mM potassium phosphate pH 8.5) for buffer EB. 

  

cDNA was lyophilized to dryness and resuspended in 4.5 µL of 0.1 M sodium carbonate pH 

9.0 buffer. NHS ester (4.5 µL) of Cy-3 or Cy-5 dye (Amersham Biosciences, Piscataway, NJ, 

USA) in DMSO (dye from one tube was dissolved in 73 µl of DMSO) were added and 

reactions were incubated at room temperature in the dark for 1 h. Coupling reactions were 

quenched by the addition of 35 µL of 0.1 M sodium acetate pH 5.2, and unincorporated dye 

was removed using QIAquick columns according to the manufacturer’s instructions. Labeling 

efficiency was determined by analyzing the whole undiluted sample in a spectrophotometer 

using a 50 µL micro-cuvette (Beckman). 

 

DNA Microarrays  

Slides pre-spotted with 44,290 60 nt long oligos directed against the human transcriptome 

were obtained (Agilent). Labeled cDNA were co-hybridized to the DNA microarrays 

according to supplier’s instructions. In brief 200 pmol of each of the differently Cy labeled 

cDNA were combined in 200 µL milliQ water were denatured at 98 °C for 3 minutes 
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followed by incubation at room temperature for 2-3 minutes and addition of 50 µL 10 x 

control (Agilent) and 250 µL 2 x hybridization buffer (Agilent). 490 µL was applied to a 

gasket slide (Agilent) in a hybridization chamber (Agilent). The slide containing the 

microarray was placed on top and the hybridization chamber was closed and mounted on a 

rotation device and placed in a Hybaid Shake 'n' Stack hybridization oven (Thermo Electron 

Corporation, San Diego, CA, USA) for 17 hours at 60 °C with the lowest rotation setting (~ 4 

rpm). 

 

Following hybridization the gasket slide was removed while the slides were submerged in 

washing solution 1 (6 x Saline Sodium Citrate buffer (SSC) (AppliChem, Darmstadt, 

Germany), 0.005 % Triton-X-102 (Agilent)) and the slides were washed for 10 minutes at 

room temperature (RT) in washing solution 1 followed by 5 minutes in wash solution 2 (0.1 x 

SSC (AppliChem), 0.005 % Triton-X-102 (Agilent)) at 4 °C in an in-house fabricated 

microarray washing station. The slides were dried by centrifugation.  

 

In house fabricated arrays were fabricated on silylated slides (CSS-100, Telechem, 

Sunnyvale, CA, USA). Slides were printed with a Qarray micro spotting robot (Genetix, 

Hampshire, UK) holding standard stainless steel micro spotting pin (CMP3-B, Telechem). For 

all in-house printing a 300 mM phosphate buffer, pH 9.6 was utilized as a 2 times spotting 

buffer unless otherwise mentioned.  

 

Following spotting silylated slides were blocked using 10 washing in 0.2 % sodium dodecyl 

sulphate (SDS) (Sigma), 10 minutes in milliQ water, 5 minutes in NaBH4 freshly prepared by 

dissolving 1 tablet (1 g) NaBH4 (Sigma) in 300 mL phosphate buffers saline (PBS), pH 7.4 

(Sigma) when dissolved, 100 mL absolute ethanol (Honeywell, Seelze, Germany) was added. 

Finally the slides were washed in 0.2 % SDS for 3 minutes and cleaned with milliQ water and 

dried by centrifugation.  

 

A solution of 5 × SSC (Promega, Madison, WI, USA) and 0.5 % SDS was used as 

hybridization buffer for hybridizations on silylated slides. Following hybridization, the slides 

were washed in 0.5 % SDS and 0.1 × SSC for 10 minutes and in 0.1 × SSC for 5 minutes and 

dried by centrifugation   

 

The DNA microarrays were scanned in an ArrayWoRx microarray scanner (Applied 

Precision, Issaquah, WA, USA) and the accompanying software was used for quantification. 
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Data analysis 

The data was normalized using the non-linear method Qspline 111 included in the affy package 

(version 1.6.7) 112 in Bioconductor (version 1.6) 113 run under the statistical freeware program 

R (version 2.1.1) 114 and further processed in Excel unless otherwise mentioned. 
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4 Results 

The aim of the project was the realization of a micro cell culture chamber (µCCC) capable of 

supporting the culturing of mammalian cells over extended periods of time under culturing 

conditions similar to the reference cell culture flask. The µCCC was to support continuous on-

line observation of the cells during culturing and should not rely on external heating sources. 

Furthermore the µCCC was to be large enough to accommodate enough cells for e.g. genetic 

analysis of the cultured cells. 

 

Design 

Materials  

To enable continuous on-line monitoring of cells during culturing the material comprising the 

device was to be transparent. Conventional glass has previously been used as culturing 

surface for cell culturing devices. However, fabrication of glass devices is laborious and glass 

is a fragile material. Many polymeric materials are less fragile and transparent and may more 

easily be shaped in to 3-dimensional structures. As the number of different polymeric 

materials available is approaching the infinite, testing of a representative selection of the 

polymeric materials was not possible. Two strategies for the construction of three dimensional 

structures seemed likely to result in a functional device. Using epoxy based negative resist 

SU-8 three dimensional structures can be created with the high resolution attainable with 

photolithographic techniques. This structure can then serve as a negative mold for PDMS 15. 

This makes it relatively simple to make several replicas of the same structure. PDMS is 

notorious to strongly adsorb molecules to the surface as well as being extremely hydrophobic 

making PDMS structures hard to fill with aqueous solutions 115 as well as it is highly gas 

permeable 116-118. Furthermore, photolithography is highly labor intensive and expensive. 

Laser ablation of PMMA 110 sacrifices the high resolution attainable with photolithography 

and substitutes it with ease of manufacture and less labor intensive and was hence chosen as 

the polymer for realization of the µCCC. The size of the actual culturing surface was set to 1 

cm2. This would support the culturing of more than 100,000 cells which was considered 

sufficient for most genetic analysis purposes. Furthermore the dimensions of the 

accompanying microfluidics channels would be attainable using laser ablation of PMMA. 
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Device design and layout 

To simplify the design the need for CO2 as a pH stabilizing agent was sought eliminated. 

Utilization of continuous perfusion would provide a constant removal of waste products as 

well as providing fresh pH balanced media provided the media reservoir is impermeable to O2 

and CO2. However, introducing continuous perfusion posed considerations regarding flow 

rate and temperature regulation.  

 

In order to minimize shear stress on the cells the PMMA layer of the chip comprising the cell 

culture chamber was made of 1.5 mm thick PMMA. This resulted in the distance from the 

media inlet to the cells was more than 1 mm after thermal bonding, corresponding to more 

than 100 times the height of a cell (Figure 5 A).  

 

Equalization of the flow was performed with flow equalizing barriers. The inlet flow was 

divided in three and led to pre-heating part of the chamber from where the media was 

distributed between at least 22 Gaussian shaped channels each roughly 250 µm wide and 300 

µm deep into the actual culturing chamber (Figure 5 B and Figure 11). The preheating part of 

the chamber also functioned as a bubble trap collecting bubbles formed from storing media in 

the syringe. Cell washout was reduced by the flow equalization barriers, but could not be 

eliminated due to the resolution limitations of the laser ablation system.  

 

A B

 
Figure 5: Layout of the µCCC. Cells are for simplicity depicted as spheres. (A) View from the side. The 

distance from the culturing surface to the inlet is between 1.2 and 1.3 mm. Assuming the cells has a height of 10 

µm results in media is perfused into the chamber more than 100 cell heights above the cells. The scale between 

cell diameter and height of the chamber is roughly 1 to 100. Other chamber dimensions are not drawn to scale. 

(B) View from above. The size of the cells and the equalization barriers relative to chamber dimensions is not 

drawn to scale.  
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In order to simulate the liquid flow profile of media in the µCCC this was simulated using the 

program FEMLAB. Simulations were performed of a µCCC with and without the flow 

equalizing barriers (Figure 6). 

 

 
Figure 6: Simulations of the liquid flow in the µCCC. The length of the white arrows represents the velocity 

of the liquid at the particular location in the chamber. The left-hand image shows the flow distribution of the 

perfusion media entering the chamber via the three inlet apertures. The right-hand image shows the flow 

distribution of the media entering the chamber via the multiple apertures of the equalization barriers. Flow 

velocity profiles were generated two millimeters away from the culture chamber wall indicated by vertical dark 

red lines (Figure 7).  

 

The 2-dimensional simulations (Figure 6) demonstrated the significance of the flow 

equalizing barriers. Without the equalizing barriers a less uniform flow was obtained and 

larger variations in the local media velocities were observed. Plots of flow velocity profiles 

were generated to simulate the significance of the flow equalizing barriers upon clogging of 

one or two of the inlet channels i.e. by an air bubble (Figure 7). 
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Without equalizing barriers

With equalizing barriers

 
Figure 7: Liquid velocity profiles. Plots of velocity profiles generated two millimeters away from the cell 

chamber wall (marked by the vertical dark red lines on Figure 6)  
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The flow velocity plots (Figure 7) clearly demonstrated the significance of the flow equalizing 

barriers to compensate if one or two of the inlet channels were clogged i.e. by en air bubble. 

  

Fabrication 

Assembly of the µCCC 

A tight seal between the different layers was required in order to prevent air to enter the 

µCCC during culturing resulting in bubbles formation as well as to prevent cell culture media 

from leaking out. PMMA can either be bonded chemically 119 using either acetone or 

dichloromethane or using pressure at a temperature close to the glass transition temperature 

(Tg) 110. Chemical bonding proved difficult as aligning of the individual parts was difficult as 

well as the channels rapidly melted when exposed to especially dichloromethane resulting in 

blocking of channels. Aligning of the individual parts was easier using thermal bonding. 

However, when metal bonding blocks were used for application of uniform pressure, the 

surface roughness of the metal was transferred to the polymer substrate resulting in decreased 

optical properties. This was eliminated when the metal bonding blocks were replaced by a set 

of custom made glass bonding block (Figure 8).  

 

 
Figure 8: Metal and glass bonding blocks. The metal bonding blocks were made costum made of aluminum 

and pressure was applyed using a clamp.  
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During bonding it was observed that cracks in the PMMA could occur (Figure 9). These 

cracks were most likely the result of stress built up in the polymer during laser ablation. The 

amount of stress was significantly reduced when the individual PMMA layers were annealed 

prior to assembly into the finished device. 

 

 

 

 
 

Heating 

Initially heating was obtained by using a thin metal wire placed in a zigzag fashion over the 

culture chip during chip assembly and bonded to the culture chip by thermal bonding. The 

wire was connected to an adjustable resistor. An example of the initial culture chip with wire 

heating is given in Figure 10 A and C. The temperature was measured using a thermistor 

embedded inside the culture chamber and the resistance was manually adjusted until the 

desired culturing temperature was achieved. The wire heating was used for successful 

Figure 9: Cracks resulting from 

stress in the PMMA. The black 

arrows indicate the location of some 

of the cracks resulting from stress. 

The individual parts were aligned 

without prior annealing (30 minutes 

at 80 ºC) and bonded using 100 Ncm 

of force between the glass bonding 

blocks. 
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culturing of HeLa cells for more than 50 hours (data not shown). During culturing 

experiments, constant minor adjustment needed be performed in order to compensate for the 

variation in ambient temperature due to the day and night cycles. Another disadvantage of this 

type of heating was the lack of transparency of the chip throughout the culturing area. This 

resulted in the need for aligning the culture chip below the field of view under the microscope 

in such a way so shadowing of the heating wires was minimized. Most importantly was that 

heating was not distributed evenly throughout the culturing area. Furthermore aligning the 

wire evenly in the chip was cumbersome and laborious. 

 

Replacing the wire based heating with a 0.2 mm thick optically transparent polyethylene 

terephthalate (PET) coated with a thin layer of conductive indium tin oxide (ITO) resulted in a 

more uniform heating of the culture area with better optical properties and easier 

manufacturing (Figure 10 B and D). 

 

A B

C D

 
Figure 10: Wire heating and thin film resistive element heating. (A) Schematic view of the layout of the 

resistive wire heating. The wire was manually “sewed” into the structure. (B) Schematic view if ITO heater. The 

resistive ITO coated film was cut to size and placed in a 0.25 mm thick PMMA sheet laser ablated to contain 

free space for the ITO film and alignment holes. (C) An initial culture chamber with wire heating. (D) A culture 

chamber with ITO heating. Scale bar in the lower left corner of (C) and (D) represents 10 mm. 
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Characterization of the µCCC 

The µCCC was characterized with respect to the dimensions of the channels. The final 

dimensions were highly dependent upon the laser settings with respect to the resolution used, 

the speed at which the laser beam was moved, the power of the beam and how many times the 

beam passed the individual features of the device. Using the settings mentioned in the 

materials and methods section, the microchannels had a Gaussian cross-section 110 and were 

measured to be 250 µm wide and 350 µm deep (Figure 11 C). The flow equalizing barriers 

were comprised of 22 microchannels, each 250 µm wide and 350 µm deep separated with 0.6 

mm pitch (Figure 11 B, D-E). 

 

 

 

A B

C D E

 
Figure 11: Physical dimensions of the features of the µCCC. (A) Full size view of the µCCC. The actual 

culturing area is 7.6x13.0 mm. The black rectangle is magnified in (B) where the inlet channel dividing the 

media flow in three is indicated with the small rectangle located at the top center and further magnified in (C). 

The red scale bar represent 500 µm. In (B) the flow equalizing barriers as well as the bubble trap are more 

clearly seen and one section of the flow equalizing barriers, indicated by the larger rectangle in the lower left 

corner is further magnified in (D). In (D) the red scale bar represent 500 µm. A part of a single channel of the 22 

channels comprising the flow equalizing barrier was further magnified in (E). The channel was measured to be 

250 µm wide, indicated by the red line. 
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Recyclable thermistor 

Looking at the cost price of the µCCC, the most expensive part was the thermistor. The 

thermistor was also the most vulnerable part in the µCCC as the salinity in the media was 

found to decompose the thin insulating polymer layer around the thermistor and introducing a 

short circuit resulting in loss of temperature control and the failure of a culturing experiment. 

As thermistors are available with very small dimensions, one thermistor small enough was 

fitted inside a 21 gauge needle (Figure 12).  

 

 
Figure 12: Fitting the thermistor in a needle. Using a small thermistor with a diameter of 0.46 mm (upper 

thermistor on big image and the upper small image) it was possible to fit the thermistor inside a 21 gauge needle 

diameter 0.8 mm (lower right). The thermistor was sealed inside the needle with epoxy glue. 

 

As the diameter of the thermistor (0.46 mm) was significant less than the diameter of the 

needle (0.8 mm) the thermistor did not make an efficient seal in the needle. To prevent air 

from air from intruding into the µCCC resulting in the flooding of bubbles and contamination 

of the cell culture an air tight seal was required. This seal was accomplished with epoxy glue. 

 

The µCCC was modified enabling the needle containing the thermistor to be inserted in to the 

µCCC and removed without damaging the thermistor after the culturing experiment (Figure 

13). Crucial to this modification was the possibility of obtaining an airtight seal around the 

needle holding the thermistor. This seal was achieved by use of UV-curable glue. By timing 

the exposure time to UV-light an elastic rubber like consistency was achieved and the needle 

could be inserted through this layer without creating tiny cracks which would enable air to 

enter the µCCC causing it to fill with bubbles. 
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Figure 13: Modifications of the µCCC enabled recycling of the thermistor. (A) Screen dump from the laser 

ablation program displaying the layout of the modified µCCC. The channels were redesigned enabling sealing 

with UV curable glue. After filling the channels with UV-curable glue, each channel was exposed to UV-light 

for 10 seconds which was sufficient for curing. After sealing the µCCC was left over night for the evaporation of 

potentially toxic gasses. Media inlet and outlets were realized from 21 gauge needles while cell seeding was 

performed with a 23 gauge needle. (B) The actual chip containing needles for inlet, outlet, cell seeding and 

thermistor. The needles for media inlet and outlet were bended to avoid physical contact between the needles 

during handling which might introduce air bubbles. 
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Initial filling results indicated that by careful timing the curing time of the UV-curable glue it 

would remain flexible enough to inject cells and retrieve the needle from the cell loading 

syringe without having air leaking into the chamber.  

 

Culturing in the modified µCCC resulted in cell death within 48 hours. This indicated that the 

UV-curable glue was toxic to the cells. Seeking to confirm this, a crude biocompatibility test 

of the UV curable glue was performed (Figure 14 A-B). Seeking to elucidate if the epoxy glue 

used for sealing of the needles used for attachment of the connection tubings and sealing of 

thermistor in the needle would result in cell death when used in direct contact with the cells, 

the same approach was used replacing the UV-curable glue with epoxy (Figure 14 A and C).  

 

A B C

 
Figure 14: Viability testing of the UV-curable glue and epoxy. The UV-curable glue was added in drops 

spaced roughly three to four cm apart on the culturing surface of a culture grade Petri dish and cured with a UV 

light gun. The culture dish was wiped with a towel wetted with 70 % ethanol and placed in the LAF bench for 

one hour for the evaporation of potentially toxic gasses. After addition of cell culture media 2.5 ·105 cells were 

added to the culture dish and to a control culture dish without UV-curable glue. The culture dishes were 

incubated in the CO2 incubator for 24 hours at 37 ºC and 5 % CO2 and inspected. (A) Control culture dish. (B) 

Culture dish with UV-curable glue. (C) Culture dish with epoxy glue. The dark shadows in (B-C) are dead cells 

floating in the media out above the focal plane. 

 

The results indicated that the both the UV-curable glue and the epoxy glue used to seal the 

thermistor in the needle and the inlets to the µCCC were causing cell death. However, if the 

UV-curable glue could be replaced with a biocompatible UV-curable glue of similar physical 

properties, recycling of the thermistor seems very likely as this glue could also be used to seal 

the thermistor in the needle. The results also indicated that caution must be applied when 

sealing of the tubing is done with epoxy as exposure to media might result in adverse effects 

on the cells. 
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Thin µCCC 

Another idea to improve the temperature performance of the µCCC was to reduce the number 

of 1.5 mm thick PMMA layers comprising the µCCC and replace them with 0.25 mm 

PMMA. This would reduce the heat capacity of the chamber enabling a faster response time 

of the ITO heater to changes in ambient temperature. The µCCC was successfully fabricated 

replacing the 1.5 mm thick top and bottom layer (Figure 1 A and E) with 0.25 mm thick 

PMMA. The layer defining the actual culture chamber and the micro channels was not 

replaced with 0.25 mm thick PMMA to avoid shear stress as the distance from the media inlet 

to the culturing surface would be reduced significantly. The resulting µCCC proved too 

flexible causing the electrical connection to the ITO layer to fail resulting in inadequate and 

unstable heating. Hence, no further experiments were performed to decrease the thickness of 

the µCCC.  

 

Multifunctional device 

A future goal envision a complete chip holding a cell culturing part, sample preparation part 

and an array part (Figure 15 A-B). The idea was for the chip to sustain culturing of 

mammalian cells, extract total RNA from the cultured cells, isolate and amplify the mRNA 

fraction, reverse transcribe the amplified RNA into cDNA, incorporate fluorescent label into 

the cDNA and finally hybridize the cDNA to a DNA microarray. Practical experience with 

the protocols indicated that the current standards of microfluidics were not adequate for 

realizing sample pretreatment on chip for gene expression studies. The effect of bubbles 

during hybridization was clearly visible (Figure 15 C) where an air-bubble partially covered 

two of four sub-arrays on a test array, hampering hybridization at this location. Realization of 

the multifunctional device seems not possible until microfluidics techniques are developed 

that can perform the rather complicated and laborious sample pretreatment for genetic 

analysis. 
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Figure 15: Initial layout of the complete chip. (A) An illustration of the complete chip layout. The size of the 

chip was set to match a standard laboratory glass slide at three by one inch. (B) Image of an actual chip. The 

wires were used as resistive heating elements enabling separate heating of either the cell culture part or the 

hybridization part. The hybridization part is connected to a conventional microscope slide. (C) One result of 

hybridization on chip with complementary 60 nt long oligos. Hybridization was performed with 60 nt long 10 

nM cy-3 labeled target oligo (5’ GCGCGGAGGAGTTGTGTTTGTGGACGAAGTACCGAAAGGTCTTACCGGAAA-

ACTCGACGC 3’) directed against a complementary 60 nt long probe (5’ NH2- GCGTCGAGTTTTCCGGTAAGAC-

CTTTCGGTACTTCGTCCACAAACACAACTCCTCCGCGC-3’) spotted at 10 µM concentration on a silylated slide. 

The slide contained four identical sub-arrays each containing 24 spots distributed with 5 in each corner and four 

spots in the center of each sub-array. Hybridization was allowed to take place for one hour at 50 ºC. Following 

hybridization the array containing slide was removed, washed and scanned. The missing spots in the two sub-

arrays to the right were the result of a stationary air-bubble which partially covered these two sub-arrays. 
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Operation 

Cell culturing 

HeLa cells were studied in order to compare the growth kinetics in the µCCC with the growth 

kinetics in the culture flask. As alignment of the culture flask in order to take pictures of the 

exact same area proved too uncertain, several pictures of the same culture flask at various 

locations were obtained over several days (Figure 16). 

A B

C D

 
Figure 16: HeLa cells in culture flask over time. HeLa cells were seeded in 75 cm2 culture flasks using 5·105 

cells per flask. The flasks were inspected daily and three to four representative pictures were obtained each day 

of each flask. (A) One day post seeding. (B) Two days post seeding. (C) three days post seeding. (D) Four days 

post seeding. 

 

Using the pictures obtained during culturing the cell count on each picture was manually 

computed. The different cell counts were averaged and plotted (Figure 17). Using the average 

cell counts, the results indicated that the HeLa cells in culture flask inside the CO2 incubator 

had a doubling time of 32 hours. 

 



Results 

- 47 - 

0

100

200

300

400

500

600

700

800

900

1000

1 2 3 4Day

C
el

ls
 p

er
 m

m
2

 
 

 

Growth kinetics of HeLa cells in the µCCC 

Following sterilization and calibration of a µCCC, freshly passaged HeLa cells were seeded 

adjusting the seeding volume to 20 cells visible in the camera using 10 x magnification on the 

microscope. After 140 hours of culturing the µCCC was confluent (Figure 18) and the cells 

were collected for later genetic analysis.  

Figure 17: Growth rate of HeLa cells in the 

culture flask. Two flasks seeded simulttanious 

with equal amount of HeLa cells (Figure 16) 

were inspected daily and three to four 

representative pictures were obtained from each 

flask each day (27 pictures in total). The number 

of cells on each picture was manually computed 

and the cell density was computed using the 

relation that one pixel on the image correspond 

to 1 µm and the size of the picture is 1340 by 

1025 pixels. The error bars represent the 

standatd error of the mean (SEM). 
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Figure 18: Growth rate of HeLa cells in the µCCC. Following seeding of cells, pictures were obtained with 15 

minutes increment over 140 hours of culturing. The time stamp in the lower right corner indicates the elapsed 

culture time. A movie of the entire culturing is available on the accompanying data disc (Movie 1). 
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Growth kinetics in the µCCC 

One method commonly used to assess differences in culture conditions is the proliferation rate 

of comparable cells. The proliferation rate of HeLa cells cultured in the different µCCCs for 

more than 100 hours was compared to the proliferation rate of corresponding cells in the 

reference culture flask (Figure 19). 
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The proliferation rate of HeLa cells in the µCCCs (Figure 19) were compared to the 

proliferation rate of HeLa cells in culture flasks presented in more detail in Figure 17. The 

results indicated that the proliferation rates were comparable. The doubling times for the 

control flask, µCCC culture A, B and C were 32.0 h, 37.9 h, 36.7 h and 32.6 h respectively. 

This indicates a slightly increased generation time possibly arising from continuous perfusion 

removing autocrine and paracrine growth promoting factors.  

Figure 19: Comparison of 

the proliferation rate of 

HeLa cells in the µCCC. 

Cell counts were manually 

counted at selected time 

points for three culture 

experiments in the µCCC 

(A-C). Exponential 

regression lines were fitted 

through these time points. 

The computed R2 were 

0.9946, 0.9895 and 0.9828 

for culture A, B and C 

respectively. 
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Temperature regulation in the µCCC 

During culture experiments the µCCC was subjected to changes in ambient temperature due 

to the day-night cycle. The µCCC was tested for the ability to maintain the desired culturing 

temperature over time when the day and night cycle varied significantly (Figure 20). 
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Figure 20: Thermal performance of the µCCC during fourteen days of culturing. Ambient temperature was 

recorded using a second µCCC with only the calibrated thermistor connected to the electronics. Temperature and 

applied voltage were recorded every 23 seconds over the entire culturing period. 

 

The results indicated that despite significant fluctuations in ambient temperature (24.4 - 28.4 

ºC) due to the day and night cycle, the temperature within the µCCC maintained unperturbed 

(37.0 ± 0.21 ºC) due to the computer controlled PID feedback loop, which continuously 

adapted the voltage amplitude applied to the heater (2.2 - 3.0 V) reflecting the actual 

temperature inside the µCCC. 

 

Cell attachment  

On-line monitoring of cell cultures enabled the study of many aspects in a cells life. 

Interesting was the possibility to study the attachment process over time (Figure 21). The first 

signs of the attachment process were frequently observed within minutes after seeding of the 

cells. Some cells would take several hours before they attached to the surface. This is 

observable on Figure 21 where some cells remain detached following more than 2 hours and 

30 minutes of culturing. Following 7 hours of culturing all cells in the images on Figure 21 

showed signs of attachment to the surface. The reason for this may be found in the cells was 

not synchronized prior to seeding in the µCCC. Hence the cells would most likely be at 

different stages of the cell cycle and thus responded differently to treatment with trypsin, 

handling and seeding. 
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Figure 21: On-line studies of HeLa cell attachment. Selected cropped frames were selected showing the initial 

attachment process of the cells. The time stamp indicates the time since the cells were seeded. A movie of the 

entire attachment is available on the accompanying data disc (Movie 2). 

 

Cell proliferation 

Another phase in cell culturing is the cell proliferation process. It was noted that prior to 

division a HeLa cell would grow physically larger, detach from the surface and until division 

appear round like a freshly passaged cell prior to attachment, only larger (Figure 22).  
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Figure 22: On-line monitoring of a dividing HeLa cell. Selected cropped frames were selected showing a 

dividing cell in the center of the images indicated by an arrow. Following division the two new cells are 

indicated with arrows. The time stamp indicates the time since the cells were seeded. 

 

The results indicated that the detachment from the surface took around 20 minutes. The actual 

division of the mother cell into two daughter cells was rapid and took place in less than five 

minutes and is visible on the frames 6h25min and 6h30min on Figure 22. Following the 

division, the two daughter cells attached to the surface within 20 minutes. Interestingly for 

this division, the time required for detachment of the original cell was strikingly similar to the 

attachment time for the two daughter cells. 

 

Cell-cell contact 

Another interesting observation was cell-cell contact. When two cells came in physical 

contact with each other they appeared to recognize the presence of either another cell or 

another object (Figure 23). 
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Figure 23: Cell-cell contact during culturing. Selected images were cropped from a culture sequence of 

images. The arrow indicates the cell which first came into contact with the adjacent cell. The label in the lower 

right corner indicated the elapsed time since the cells were seeded. 

 

In the central region on the images comprising Figure 23 the physical contact between the 

protrusions of two cells can be observed over time. Initially the top cell (marked by an arrow 

on Figure 23 0h 45min) recognizes a cell situated below it. Upon the physical contact the 

lower cell extends a protrusion directed at the cell touching it within 10 minutes (Figure 23 0h 

45min - 0h 55min). The first cell then withdrew its protrusion and directed the other 

protrusion in other directions.  

 

Cell death 

During culturing occasional cell deaths were observed. Initialization of cell death usually 

commenced with an unusual slow detachment of the dying cell from the surface forming a big 

round cell similar to a dividing cell (Figure 24). 
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Figure 24: Initialization of cell death. Selected images were cropped from a culture sequence. The time-tag 

indicates the time since the cells were seeded. A movie of the cell death is available on the accompanying data 

disc (Movie 3). 

 

Opposed to a dividing cell, the dying cells were observed to remain detached and round for 

several hours until the membrane ruptured. Initially this can be observed by the several small 
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protrusions extending from the cell membrane. These can be observed on at the time 17h 10 

min and forth on Figure 24. The time from the initial observation of these protrusions until the 

cell lysed was less than one hour. The adjacent cells seemed unaffected of the dying cell (data 

not shown) indicating that no apoptotic effectors were released in concentrations great enough 

to initiate cell death in these adjacent cells. 

 

Bubbles 

As with any microsystem bubbles arising from improper sealing of the µCCC to the 

surroundings would most likely result in either obstruction of the camera view to the cells 

(Figure 25 A-B) or influencing on the local microenvironment experienced by the cells 

possibly leading to non-reproducible effects. 

 

In microfluidics the traditional approach for reducing bubble formation is degassing any 

liquid introduced to the microsystem. Degassing the media prior to culturing would remove 

dissolved oxygen resulting in the asphyxiation of cells and was hence not attempted. Special 

cell loading procedures were developed in which a tiny portion of the cells were loaded prior 

to filling of the culture area with media. This enabled the filling of the channels around the 

cell loading port. Subsequently media was perfused initially at a rate of one to five mL per 

hour until the entire chamber was filled. Reducing the flow rate to 0.1 mL per hour enabled 

the archival of steady state conditions with regards to temperature distribution within the 

chamber. It was noted that when cells were injected following the achieval of steady state 

resulted in minimal exposure to reduced or elevated temperatures and also reduced bubble 

formation. 
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Figure 25: The effect of air bubbles on the µCCC.  (A) Close-up of the µCCC filled with bubbles. As a result 

of improper sealing air from the surroundings can enter the culturing chamber resulting in the formation of 

bubbles.  (B) Example of the resulting image obtained from a µCCC partially filled with bubbles during culture 

of cells. The growing attached HeLa cells are visible on the surface, but the air bubbles obstruct the view of the 

cells from the camera. 

 

 

Seeking to elucidate if different sizes of cell inlet needles influenced the rate of bubble 

formation, two versions of the µCCC were designed enabling the seeding of cells through 

either an 18 gauge (1.2 mm diameter) needle or a thinner 25 gauge needle (0.4 mm diameter) 

(Figure 26).  

 

Utilizing the thinner 25 gauge needle (Figure 26 A-B) resulted in more frequent bubble 

formation (Figure 25) as it was difficult to obtain an air tight seal around the needle with 

epoxy glue. Furthermore after seeding of cells through a 1 mL syringe the syringe had to 

remain attached to the seeding needle as the creation of an airtight seal of the needle after the 

removal of the syringe proved virtually impossible. A tighter seal was obtained when the 

thicker 18 gauge needle was used (Figure 26 C-D). The lager size of the needle enabled 

abrasion of the needle, resulting in a more air tight seal with the epoxy sealing glue.  
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Figure 26: Different seizes of loading inlets for the µCCC. (A) Screen dump from the laser ablation program 

displaying the layout of the µCCC with a 25 gauge cell seeding needle. The grid size is 0.5 mm. (B) An actual 

chip utilizing the thin cell seeding needle. (C) Screen dump from the laser ablation program displaying the 

layout of the µCCC with the larger 18 gauge cell seeding needle. The grid size is 0.5 mm. (D) An actual chip 

with the larger 18 gauge cell seeding needle. 

 

An air tight connection between the inlet channels as well as the thicker 18 gauge needle was 

realized with a PDMS connection tube. After seeding of the cells through a 1 mL syringe 
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attached with another 18 gauge needle, the syringe with needle could be removed and 

replaced with a solid stainless steel plug (Figure 27).  

 

 
Figure 27: µCCC with connection tubings. Attachment of the tubings was facilitated by use of flexible PDMS 

connectors. Seeding of cells was performed by replacing the stainless steel plug with an 18 gauge needle 

attached to a 1 mL syringe containing the cells. 

 

Contamination 

As the glass transition temperature (Tg) for PMMA is 110 ºC it was not possible to autoclave 

the µCCC prior to culture experiments. Instead the µCCC was dry-sterilized at 100 ºC for one 

hour between the two glass bonding blocks (Figure 2) each weighing 185 grams. No 

additional pressure was applied other than the weight of the glass bonding blocks. The 

pressure prevented the separation of the individual layers. Maintaining the temperature below 

Tg prevented melting of the chip and blocking of the microfluidics channels. Failure to use 

proper sterile techniques during seeding or handling the µCCC after sterilization occasionally 

resulted in contamination of the culture (Figure 28). The much shorter generation time of the 

contamination resulted in rapid flooding of the µCCC with microorganisms. 
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Figure 28: Contamination of the µCCC. The time stamp in the lower left corner indicates the time elapsed 

after seeding. No anti biotic agents were added to the media formulation.  

 

 

After just 4 hours of culturing the first signs of the contaminating microorganism are evident 

(Figure 28). Following just 20 hours of culturing the view field of the camera was completely 

blocked by the contaminating microorganism. After addition of antibiotics to the culturing 

media only a single contamination occurred in more than 30 culture experiments. 
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Phototoxicity 

During initial culture experiments, it was noted that cells appeared to attach to the surface of 

the µCCC and following one or two days of culturing they would detach from the surface and 

die (Figure 29). 

 
Figure 29: Cell death in the µCCC. Cell attachment was occurring up to around 20 hours of culturing after 

which cells detached, became immobile and subsequently died. The labels in the lower right corner indicates the 

time post seeding in the culturing experiment.  
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As the cells in the control flask remained viable and proliferated and the media used in the 

µCCC culturing and the control was identical, the incentive to the cell death was sought in the 

cell culturing conditions. Speculating that shear stress, inadequate pH buffering, localized 

heating or the fact that the µCCC was exposed to light might be the course of the cell death, a 

µCCC was seeded with freshly passaged cells, connected to the perfusion pump operating at 

0.1 mL/h and placed inside the CO2 incubator to supply heat (Figure 30 A-B). As control cells 

from the same passage was simultaneously seeded in a culture flask and incubated next to the 

µCCC in the CO2 incubator (Figure 30 A-B).  

 

 

A B

D

C

 
Figure 30: Culturing of cells in the µCCC inside the CO2  incubator. (A-B) The setup and the location of the 

µCCC relative to the reference culture flask. (C) View of cells in the µCCC following two days of incubation 

through the 10 x magnification objective. (D) View of cells through the 4 x objective in the µCCC following two 

days of incubation. The line in the bottom is the µCCC chamber wall and the deark region is the cell seeding 

inlet. 
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Following two days of culturing, the cells in the µCCC were viable and proliferated 

indistinguishable from the cells in the reference cell culture flask, indicating that continuous 

media perfusion may not be responsible for the observed cell death (Figure 30 C-D). 

 

If the µCCC was permeable to either O2 or CO2, CO2 dissolved in the media might diffuse 

through the PMMA comprising the µCCC, causing the pH of the culture media to drift up to 

lethal alkaline values of over 8.5 when the µCCC was left at atmospheric conditions (<0.05 % 

CO2) resulting in cell death. As the conventional cell culture media depended on CO2 for pH 

buffering, a CO2 independent medium containing HEPES was tested (Figure 31). 

 

The results indicated that when culturing cells in a HEPES buffered media in the µCCC 

outside the CO2 incubator, only few cells attached and cell death occurred within two days of 

culturing. Inspecting other areas of the µCCC previously not directly exposed to light of the 

microscope lamp indicated that viable cells were attached and proliferating in the same 

µCCC. This indicated that the shift of culture media may not be lethal to the cells. 

Repositioning the µCCC enabled the observation of these cells over time (Figure 32). 

 
Figure 31: Use of HEPES buffered medium in the µCCC. The conventional CO2 dependent media was 

replaced with HEPES buffered media.  
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The results indicated that when cells were exposed to the light of the microscope light they 

would detach from the surface and die within two days. This indicated that the light from the 

microscope lamp may be responsible for the observed cell death. As HEPES buffered medium 

previously has been found to be especially susceptible for photo damage 68,75,76,120  further 

experiments were conducted with conventional CO2 dependent media (RPMI-1640).  

 

 

 

 

 
Figure 32: Use of HEPES buffered in the µCCC.  Following 67 hours of culturing the µCCC was repositioned 

enabling monitoring of attached and proliferating cells from an area of the µCCC not directly exposed to the 

light of the microscope. No other parameters of the µCCC were changed. 
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Influence of light 

As the temperature was continuously monitored thermistor inside the culturing chamber and 

regulated by the by the ITO heater, and cell death also occurred in close vicinity to the 

thermistor, light induced localized heating was suspected not to be the cause of cell death. 

Seeking to elucidate if the microscope lamp used to provide light to the camera during 

culturing induced phototoxic effects, the light spectra was collected at different light intensity 

settings (Figure 33). Due to the intensity of the light it was not possible to obtain the light 

spectra at higher light intensities than half power. 

 

The intensity of the microscope lamp was continuously adjustable resulting in the light 

spectra was obtained at power settings denoted “minimal setting”, “one third intensity” and 

“half intensity”. The amount of light at each wavelength was counted and plotted against the 

wavelength. The results indicated that when the light intensity was set either to half or one 

third power, significant amounts of light with wavelength below 540 nm was recorded (Figure 

33).  However, when the light intensity was reduced to the minimal setting the amount of light 

with wavelengths below 540 nm was significantly reduced. As light below 540 nm is known 

to introduce phototoxic effect on media components like riboflavin, tryptophan and tyrosine 
69-72. Future experiments were carried out using a darkened room and minimal settings of the 

microscope lamp and keeping media secluded from light as much as possible. 
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Figure 33: Light spectra obtained at 

different intensity settings. Each 

measurement was obtained ten times and the 

plotted values are average values of these 

measurements. All values were corrected for 

background by subtracting measurements 

obtained in complete darkness. (A) Spectra 

recorded with the half the possible light 

intensity. (B) Spectra with the one third of the 

possible light intensity. (C) Spectra obtained 

with minimal light intensity. The black vertical 
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Influence of surface topography 

The low Tg (110 ºC) of the PMMA enables imprinting of structures using the hot-embossing 

technique. By heating the sheet of PMMA to be imprinted to temperatures above the Tg and 

pressing a stamp with the desired design features into the PMMA a replica of the of the 

features are created in the PMMA. Using an available stamp containing various topographical 

features of different lateral dimensions with a height of 90 nm, this was transferred into 

PMMA. Verification of the features in the PMMA was performed with a scanning electron 

microscope (SEM) (Figure 34).  

 

Using the imprinted piece of PMMA it was tested if HeLa cells would be affected of 

substituting the flat PMMA with a piece of PMMA containing imprints. Prior to seeding of 

cells the PMMA was sterilized by wiping with 70 % ethanol following drying for one hour in 

the LAF bench. The imprinted PMMA was placed in a cell culture Petri dish and covered with 

media and incubated for 30 minutes in the CO2 incubator at 37 ºC to equilibrate the media. 

Freshly passaged HeLa cells were seeded on the PMMA and incubated for 2 days in the CO2 

incubator (Figure 35). 

 

 

 

BA

 
Figure 34: SEM pictures of PMMA imprinted with topographical features. The imprint was made using 97 

ºC temperature on the upper piston and 130 ºC on the lower piston and 15,000 N of pressure for 2 minutes in 

vacuum. The height of the features on the stamp was 90 nm. (A) A square pattern. Scale bar represents 20 µm. 

(B) Pattern consisting of circles. The scale bar represents 10 µm.  
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Figure 35: Effect of topographical features on HeLa cell attachment. (A-D) Topographical features of 

various dimensions hot-embossed into a 1.5 mm thick piece of PMMA. The circular pattern in Figure 34 B can 

be seen in Figure 35 C. 

 

The result indicated that with the physical dimensions used no effect of the features was 

observed (Figure 35). This suggests the need for larger dimensions than those used in the 

experiment. This is most apparent as the no alignment of cellular protrusions was observed on 

the regions containing lines of various dimensions. In Figure 35 C circular patterns with 

various diameters seem not to affect the HeLa cells as the cells spread over the imprinted 

circles. 

 

 

 

 

 

 

 



Results 

- 67 - 

 

Biocompatibility 

As one of the primary goals with the µCCC was the realization of a device capable of 

sustaining culturing of mammalian cells under culturing conditions similar to the reference 

culture flask test had to be conducted to verify this. Typical parameters used to evaluate the 

biocompatibility of a surface or components are cellular viability, morphological 

observations, growth kinetics or the activity of selected enzymes. As various cells may 

respond differently to the same stimuli another parameter may be to evaluate the µCCC with 

different cell lines. 

 
 

PMMA as culturing surface 

Initial studies sought to elucidate if switching from the tissue culture polystyrene (TC-PS) 

surface of the conventional culture flask to a sheet of PMMA resulted adverse effects. As the 

intended culturing surface of the µCCC was PMMA, this was tested by inserting a sheet cut to 

the practical dimensions (5 cm long and 1 cm wide) in to a cell culture flask following the 

addition of media and cells. There were no major differences in cell morphology following 2 

days of culturing (Figure 36). 

 

A B

 
Figure 36: Cell culturing on PMMA and culture flasks. PMMA was evaluated as cell culturing surface by 

placing a section of a 0.25 mm thick PMMA sheet inside a cell culture flask following the addition of media and 

cells. The PMMA was sterilized by cleaning with 70 % ethanol and was left in the LAF bench for one hour to let 

the ethanol evaporate. Following 48 hours of culturing in the CO2 incubator the cells were inspected. (A) The 

focal plane was adjusted to the culture flask surface. The white line is the edge of the sheet of PMMA. (B) The 
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focal plane was adjusted to the PMMA surface. The cells appearing out of focus are growing on the culture flask 

surface. 

 
 

Whole genome expression profiling on DNA microarrays 

Gene expression profiling using DNA microarrays has been widely used in the past 10 years 

to unravel molecular event of cell cycle regulation 121,122, response to growth factors 123 and 

cellular responses to irradiation 124. DNA microarray are used as cancer classifiers 107,125,126 

since it is strongly likely that the gene expression profile differs in cancer cells compared to 

the normal counterpart. The DNA microarrays used usually consist of DNA (probes) 

complementary to about 40,000 genes or possible genes. In one batch process the expression 

level of these 40,000 genes in a cell can be monitored and compared to a reference cell. 

Whole genome expression profiling of cells cultured under conditions that are not comparable 

will most likely induce changes in the mRNA expression profile in a cell. Previous studies 

have indicated that cells appearing morphological similar might have a different gene 

expression profile 111.  

 

As the PMMA surface might induce an altered gene expression profile of the cells relative to 

the conventional TC-PS surface of the cell culture flask, this was tested by culturing HeLa 

cells inside a culture flask in the CO2 incubator on a sheet of 0.25 mm thick PMMA. 

Following four days of culturing the sheet of PMMA was removed and non-attached cells 

were removed by washing of the PMMA with PBS buffer. The attached HeLa cells were 

collected by trypsinisation and total RNA was extracted. As control, cells seeded 

simultaneously in a culture flask without PMMA were used. RNA isolated from cells cultured 

on PMMA as well as RNA isolated from cells cultured in unperturbed culture flask was 

amplified to avoid introducing a bias 127. Following reverse transcription and incorporation of 

Cy-3 or Cy-5 dyes, cDNA containing 200 pmol dye originating from each culture condition 

were pooled and co-hybridized to a whole human genome DNA microarray containing 44,290 

60 nt long probes directed against the transcriptome (Figure 37).  
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Figure 37: Scan of whole 

human genome DNA 

microarray. Cy-3 (green) 

labeled cDNA originated 

from HeLa cells cultured 

on PMMA, while Cy-5 

(red) labeled cDNA 

originated from cells 

cultured in the culture flask. 
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The entire experiment was repeated with the order of the dyes reversed. Furthermore two 

arrays were hybridized with cDNA originating from the same pool of aRNA isolated from 

cells cultured in the culture flask. These two self-self hybridizations served as a measure of 

the amount of noise to be expected in hybridizations involving cDNA originating from 

different sources of RNA.   

 

Following quantification of the data, the log2 values of the data was plotted in a scatter plot 

with the log2 values of the Cy-3 labeled cDNA on the x-axis and the log2 values of the Cy-5 

labeled cDNA on the y-axis (Figure 38). Transcripts having the same intensity of Cy-3 and 

Cy-5 would lie on a straight median line passing through the points (0,0) and (1,1). 

Transcripts in which a transcript is more abundant in the cDNA pool incorporated with Cy-5 

would have a larger intensity in the Cy-5 channels relative to the Cy-3 channel and will hence 

lie above the median line. 
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Figure 38: Non normalized scatter plots from whole human genome expression profiling of HeLa cells 

cultured on PMMA. All cDNA reactions were primed with random nonamer primers. Prior to hybridizations 

the cDNA pools were normalized to 200 pmol of incorporated Cy-dye. (A-B) Self-self hybridizations of HeLa 

cells cultured in the culture flask for 4 days. The same pool of aRNA was used as template for all cDNA 

reactions for the self-self experiments. The upper and lower line represent a fold change of 3 up and down, 

respectively. The central line is the median. (C) Co-hybridizaion of cells cultured on PMMA and cells cultured 

in the reference culture flask. (D) The experiment in (C) was repeated with the order of the dyes reversed. 

 

 

The plots in Figure 38 indicated that data appeared non-linearly skewed. This most likely 

originates from the two Cy-dyes have different physical properties. To compensate for this the 

data was normalized using Qspline 128 which is a non-linear normalization method in which 

cubic splines are fitted to the data and systematic errors are removed (Figure 39). 
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Figure 39: Normalized scatter plots from whole human genome expression profiling of HeLa cells 

cultured on PMMA. The raw data (Figure 38) was normalized using Qspline. (A-B) Self-self hybridizations of 

HeLa cells cultured in the culture flask for 4 days. The upper and lower line represent a fold change of 3 up and 

down, respectively. The central line is the median. (C) Co-hybridizaion of cells cultured on PMMA and cells 

cultured in the reference culture flask. (B) The experiment in (D) was repeated with the order of the dyes 

reversed. 

 

The self-self hybridization results indicated that whole genome expression profiling of cDNA 

reverse transcribed from the same pool of RNA yielded very similar looking scatter plots 

(Figure 39 A-B) indicating the robustness of the method. Inspection of the data showed that 

no transcripts were found more than three fold regulated. However, 37 transcripts were more 

than 2 fold regulated, indicating the need for a more conservative 3-fold cut-off to reduce the 

number of false positive results.  
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Cells cultured on PMMA were found to have a whole genome expression profile 

indistinguishable from that of cell cultured in the reference cell culture flask (Figure 39 C-D). 

No transcripts were found more than three fold regulated. Using a 2 fold regulation as cut-off 

resulted in 85 transcripts being significantly regulated. However, statistical analysis revealed 

that no transcript was more than 2 fold regulated with a P-value less than 0.05 (data not 

shown). This indicated that PMMA did not induce identifiable effects on the evaluated HeLa 

cell line.  

 

Whole genome expression profiling of µCCC cultured cells 

Seeking to elucidate if culturing of HeLa cells in the µCCC gave rise to a different whole 

genome expression profile relative to comparable cells cultured in culture flasks in the CO2 

incubator, cells from three independent cultures each lasting more than 100 hours (Figure 19) 

were isolated from both the µCCC and the corresponding culture flasks. Following reverse 

transcription of the amplified RNA utilizing random pentadecamer priming 129 the labeled 

cDNA was hybridized to whole human genome DNA microarrays (Figure 40).  

 

Visualization of the number of significantly regulated genes was performed by using a Venn 

diagram (Figure 40 D) where each hybridization experiment was depicted as a circle 

containing the number of significantly regulated transcripts relative to the culture flask. 

Transcripts regulated more than three-fold on more than one array were depicted in the 

overlapping region(s) of the representative circles. Two transcripts were found regulated on 

all three arrays and were listed in Table 2.  
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Figure 40: Whole human genome expression profiling of cells cultured in the µCCC. (A-C) Qspline 

normalized scatter plots obtained from three independent culture experiments in the µCCC and the culture flask. 

(D) A Venn diagram was utilized depicting each array as a circle enclosing the number of more than three fold 

regulated genes (up and down) relative to the culture flask. The number of genes similarly regulated on more 

than one array was placed in the overlapping region of the corresponding circle(s). 

 

 

The Venn diagram (Figure 40 D) indicated that 23 transcripts were three-fold or more 

regulated in both culture A and C while only 2 transcripts were more than three-fold regulated 

in both culture B and C. No transcripts other than the two regulated in all three cultures were 

more than three fold regulated in culture A and B. Inspection of the order of dye incorporation 

(Figure 40 A-C) revealed that cDNA derived from µCCC cultured cells A and C was labeled 

with Cy-5 while culture B was labeled with Cy-3. This may indicate that some of the 

transcripts found more than three fold regulated in both culture A and C results from dye 

dependant effects as they seem removed when the order of the dyes were reversed.  
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Table 2: The two transcripts regulated more than three fold on all three arrays. The average fold change is 

for the µCCC divided by the control flask. Blast searches on the probe sequences revealed that probe number 

Probe number A_32_P162760 had a perfect match to the Ataxin 10 gene while probe number A_23_P141785 

yielded no additional information. 

Probe name Gene Name 
Average fold 

change 

Genbank 

entry 
Description Probe Sequence 

A_32_P162760 BI003432 

(ATXN10: 

Ataxin 10) 

0.25 BI003432 

AI873036 

AI364565 

D80033 

NM_013236 

 

PM0-HN0073-

080201-005-

d02_1 HN0073 

Homo sapiens 

cDNA, mRNA 

sequence  

TATTCTTTAAATGCAC

GTTCTATCCAGGGGG

ACAAAGGCAAACCAC

ACAGTTACATTAAT 

A_23_P141785 A_23_P141785 5.0 AC025018 

 

Homo sapiens 

chromosome 18, 

clone RP11-

320C19, 

complete 

sequence. 

TGCTTTTGGTGTTTTA

GACGTGAAGCCTTTGC

CCATACCTATGCACTG

AATGGTAATGCC 

 

 

No additional information regarding the two transcripts was found by Blast searches 

indicating that the function of transcripts may still be unknown. 

 

For the determination if the scattering was a result of experimental variation or a reproducible 

effect of the µCCC the data was statistically compared using the t-test. For this analysis the 

fold change calculated as the normalized intensity obtained from the µCCC cultured cells 

divided by the normalized intensity of the culture flask cultured cells of each transcript from 

each array was averaged. This average was compared to the null hypothesis that the fold 

change was 1 i.e. no regulation of the transcript. Transcripts found regulated more than three 

fold with P < 0.05 were considered significant and listed in Table 3. Blast searches performed 

on the probe sequences failed to reveal the biological functions of the regulated transcripts. 
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Table 3: Statistical analysis of the whole genome expression data from µCCC culturing of HeLa cells. The 

data was averaged and tested against the null-hypothesis (a fold change of 1) corresponding to no regulation 

using the t-test.  

 

The result indicated that 4 transcripts statistically were more than three fold regulation with a 

P-value less than 0.05. Of these 4 transcripts 2 were also identified using solely comparison of 

more than 3 fold regulated genes in the Venn diagram (Figure 40 D). No additional 

information was obtained from Blast searches on the probe sequences from the two additional 

transcripts identified with the t-test. This may indicate that no function has been assigned to 

the transcripts yet.  

 

Dye-swap replicates 

As the properties of in terms of photo stability, quantum efficiency, of the dyes Cy-3 and Cy-

5 are quite different, a bias between the two channels will occur. During gene expression 

studies this may lead to false positive results. One way to identify these false positive results 

is to repeat the experiment with the order of the dyes reversed – dye-swap. As transcriptome 

Probe name 
Gene 

Name 

Average 

fold change 
P-Value 

Genbank 

entry 
Description Probe Sequence 

A_32_P162760 BI003432 

(ATXN10: 

Ataxin 10) 

0.25 2.28E-05 BI003432 

AI873036 

AI364565 

D80033 

PM0-HN0073 

Homo sapiens 

cDNA, mRNA 

sequence  

TATTCTTTAAATGCA

CGTTCTATCCAGGG

GGACAAAGGCAAAC

CACACAGTTACATT

AAT 

A_23_P119407 A_23_P11

9407 

3.01 0.0121 AC007785 

 

Homo sapiens 

chromosome 19, 

BAC 282485 (CIT-

B-344H19), 

complete sequence. 

CATTTATCTTGCTTG

GTGTTCTCTGAGCTT

CCTGGATCTGTGGTT

TGGTGTCTGACATG

A 

A_32_P175313 BF960555 

(TNRC6B) 

3.28 0.0154 BF960555 PM1-NN1207 Homo 

sapiens cDNA, 

mRNA sequence 

(Trinucleotide repeat 

containing 6B). 

TTACTCAAGGGGTG

TGTATGTGTGTGTCT

GAACCAAGAAAGGT

TGAGAGCTCCAGGT

ATT 

A_23_P141785 A_23_P14

1785 

5.02 0.0422 AC025018 

 

Homo sapiens 

chromosome 18, 

clone RP11-320C19, 

complete sequence. 

TGCTTTTGGTGTTTT

AGACGTGAAGCCTT

TGCCCATACCTATGC

ACTGAATGGTAATG

CC 
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microarrays are quite costly it is desirable to use as few replications of the experiment as 

possible. Hybridization to transcriptome arrays using cDNA generated from RNA isolated 

from cells cultured in the µCCC and the culture flask was performed three times (Figure 40). 

Inspection of the raw data with respect to the number of genes regulated more than three-fold 

on the different arrays indicated that repeating the experiment once with the orders of the dyes 

reversed reduced the number of significant genes from 53 ± 10 to 11 ± 5 (Figure 41). A third 

replication further reduced the number of significant genes to 5. Combined this indicates the 

need for performing at least one dye-swap replication of microarray experiments when the 

results are not validated by e.g. Western blotting or real-time PCR.  
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CACO 2 cells 

Attempting to clarify if the µCCC could sustain culturing of other cell type than the more 

common HeLa cell line, a human Caucasian colon adenocarcinoma cell line displaying 

epithelial morphology isolated from a primary colonic tumor in a 72-year-old male using the 

explant culture technique 130, denoted CACO 2 was seeded in the µCCC using similar 

techniques as for the HeLa cell line.  

Figure 41: Effect of dye-swap replicates on 

the number of significant genes. Three 

separate hybridizations to whole human 

genome arrays were performed, each co-

hybridizing 200 pmol of Cy-3 and Cy-5 

incorporated cDNA. The number of genes 

more than three fold regulated on each array 

was counted. Using the t-test and the null 

hypothesis that the fold change was equal to 

one the P-values were computed. The error 

bars represent the standard deviation. 
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Figure 42: Culturing of CACO 2 cells in the µCCC. Images were obtained using a 15 minute increment over a 

110 hour culturing period. Following roughly 40 hours of lag time ( ) exponential growth ( ) commenced. Cell 

counts were performed at selected time intervals and an exponential regression line (R2=0.9926) was fitted to 

through the data points. A movie of the entire culturing experiment is available on the accompanying data disc 

(Movie 4). 

 

 

The results indicated that the doubling time of the CACO 2 cell line in the µCCC was 34 

hours. The doubling time of CACO 2 cells have previously been reported to be between 24 
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and 34 hours and increasing with the passage number of the cells 131, indicating that culturing 

of CACO 2 cells in the µCCC does not significantly influence the doubling time.  

 

Cell death appeared similar in the CACO 2 cell line as in the HeLa cell line. The dying cell 

would detach from the surface, swallow in size and look like a freshly passaged cell only 

larger for several hours prior to cell lysis (Figure 43). The time this CACO 2 cell was 

observed to remain detached from the surface was significant longer than the HeLa cell 

(Figure 24) which remained detached from the surface around 5 hours prior to cell lysis. 

 

 

 

 
Figure 43: Death of a CACO 2 cell. The black arrow indicates the dying cell. Prior to death, a CACO 2 cell 

would detach from the surface.  
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Colon 205 cells 

Another colon cancer cell line isolated from ascitic fluid of a 70 year old Caucasian male with 

carcinoma of the colon having a round and refractile morphology, denoted COLO 205 131 was 

used to test the versatility of the µCCC to provide culture conditions which could facilitate 

proliferation of other mammalian cells lines (Figure 44).  

 

 
Figure 44: Culturing of the COLO 205 cell line in the µCCC. Images were grabbed with 5 minutes increment 

throughout the entire culture experiment which lasted more than 115 hours. The figure displays images with 10 

minutes increment of the first 120 minutes of the culturing. Three cells are indicated with a triangle, a square or a 

circle enabling the visualization of cellular movement over time. The time stamp in the lower right corner 

indicated the elapsed time post seeding. 
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Inspection of the images obtained from culturing of the COLO 205 cell line frame by frame 

indicated an unusually high degree of mobility (Figure 44). Opposed to the HeLa and the 

CACO 2 cell line, the COLO 205 cells appeared to move around the surface forming 

aggregates of cells.  Long term culturing of COLO 205 cell line indicated that the µCCC was 

capable of providing conditions suitable for culturing of this cell line (Figure 45). The results 

also indicate the high degree of mobility can be studied in greater detail using the µCCC. 
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Figure 45: Culturing of COLO 205 cells in the µCCC. The graph illustrates the cell count at selected time 

points. An exponential regression line (R2=0.9837) was fitted to through the data points. A movie if the first 50 

hours of culturing is available on the accompanying data disc (Movie 5). 
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The high degree of mobility of this cell line possibly hampered estimation of cell growth rates 

utilizing counting of cells at selected time intervals. The doubling time was estimated to be 15 

hours which seem unrealistic fast, supporting that the mobility of the cell line hampers the 

estimation of growth rate utilizing this method. Following confluence which was achieved 

after 50 hours, the cells were still proliferating on top of the initial layer of cells until the 

experiment was stopped after 115 hours of culturing. Cell death appeared to follow the same 

traits like the HeLa and the CACO 2 cell line. Prior to death, the cell would swell in size and 

remain large for several hours prior to a rapid lysis. 

 

Stem cells 

Stem cells are undifferentiated cells that give rise to of the body’s cells and organs. Stem cells 

are by many are considered to be hold the key for successful treatment of many diseases or 

disorders. On-line monitoring might help elucidate the morphological changes accompanying 

both the proliferation and the differentiation of these cells in response to changes in either 

media composition or culturing conditions. Furthermore, changes in proliferation rate or 

viability might also be compared to concentration of various media components. As the 

µCCC seemed an ideal platform for testing and further development of stem cell assays, 

initial culturing experiments were performed in order to prove the flexibility and the power of 

this platform. Two different stem cell lines were tested in the µCCC, human Neuronal Stem 

Cells (HNSC.100 or hNS1) 132 and hNS1 transfected with Bcl-XL 
133 respectively. The latter 

was for simplicity denoted Bcl-XL. The hNS1 clone was an EGF/bFGF-dependent cell line of 

human progenitor cells derived from the telencephalic and diencephalic regions of a 10-10.5 

week of gestation old human Caucasian embryo. The clone was genetically perpetuated using 

v-myc. Removal of the growth factors EGF and FGF-2 would result in differentiation of the 

cells. No attempt was made to differentiate the cells. Both cell lines have a doubling time in 

the range of 40 hours depending on cell density and growth auto regulation by secretion of 

growth-influencing factors and/or cell-cell contact. The Bcl-XL transfected cells were passage 

40 and the un-transfected hNS1 clone was passage 61. 

 

Experience from culturing of hNS1 cells in culture flasks, indicated that coating of the culture 

flask surface with poly-L-lysine (PLL) resulted in significant better culturing conditions. A 

µCCC was coated with PLL prior seeding of the µCCC with freshly passaged hNS1 cells 

(Figure 46).  
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Figure 46: Culturing of hNS1 in PLL treated µCCC. The µCCC was prior to seeding with hNS1 cells 

incubated with 20 mg/mL PLL in PBS for three hours in the CO2 incubator. Following UV-treatment for 30 

minutes in the LAF bench the µCCC was flushed with 10 mL PBS for removal of unbound PLL remnants. The 

µCCC was connected to the electronics and the PBS was replaced with culturing media. After archival of steady 

state temperature, hNS1 cells were gently seeded to an acceptable density determined by visual inspection of the 

chamber. Cell counts were performed at selected time intervals and an exponential regression line (R2=0.9866) 

was fitted to through the data points. A movie of the entire culturing experiment is available on the 

accompanying data disc (Movie 6). 
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The results indicated that PLL treated PMMA supported culturing of hNS1 cells over long 

periods of time. The culturing was stopped after 90 hours of culturing when the µCCC was 

almost confluent. The doubling time was slightly above 25 hours indicating a faster growth 

than the previously reported 40 hours 110. The faster generation time possibly arises from the 

continuous perfusion of fresh growth factor containing media conceivably increasing the 

availability of growth factors to the cells. As removal of growth factors from the media would 

result in differentiation of the cells this was not attempted. If continuous perfusion reduces the 

concentration requirements for growth factors, this hypothesis could easily be verified 

experimentally. 

 

As culturing of HeLa, CACO 2 and COLO 205 has successfully been performed on 

unmodified PMMA, it was sought to investigate if the unmodified PMMA surface of the 

µCCC could sustain cell culturing of hNS1 stem cells (Figure 47).  

A B

C D

 
Figure 47: Culturing of hNS1 stem cells in the unmodified µCCC. Pictures were obtained with five minutes 

increment over almost 17 hours of culturing. (A) Immediately after seeding of cells. (B) Five hours post seeding. 

(C) Ten hours post seeding. (D) Fifteen hours post seeding. Moving cells are indicated with various shaped 

figures. A movie of the entire culturing experiment is available on the accompanying data disc (Movie 7). 
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The culturing was followed for almost 17 hours after which it was concluded that no real 

attachment had occurred and the cell morphology did not resemble the PLL coated µCCC 

(Figure 46 and Figure 47). The culturing was hence abandoned. The results indicated that the 

unmodified µCCC did not support culturing of the hNS1 cells. There were occasional few 

signs of cell attachments indicated by elongations of the cell rather than spreading. However, 

upon inspection of the grabbed images frame by frame, clear indications of cellular movement 

was observed. Some indications of this were highlighted with various geometrical shapes on 

Figure 47. This indicated the cells were alive but not attached and proliferating. Cell 

movement can be observed e.g. by comparing the image obtained ten hours post seeding 

(Figure 47 C) with the image obtained fifteen hours post seeding (Figure 47 D).  

 

During the PLL treatment the surface was exposed to UV-light for 30 minutes. Attempting to 

elucidate if this step alone was responsible for the enhanced biocompatibility observed after 

PLL coating, a piece of PMMA was divided in three. The one part was used directly without 

modification after being sterilized. The two other pieces was subjected to the PLL treatment, 

substituting the PLL solution with PBS on one of the two pieces, which served as a control for 

the significance of the PLL. The unmodified surface of the TC-PS culture plate served as an 

additional control. Following seeding of hNS1 cells the culture plates were incubated for 2 

hours in the CO2 incubator after which they were inspected (Figure 48).  

 

Following 24 hours of incubation in the CO2 incubator the culture plates were inspected again 

(Figure 48). The results indicated that only the PLL treated PMMA supported growth of the 

hNS1 cells. No signs of attachment were observed on the unmodified PMMA and the 

unmodified culture plate (Figure 48 A-D) supporting the µCCC culture experiment (Figure 46 

and Figure 47). The UV-treated PMMA showed some signs of attachment (Figure 48 E-F) but 

the extent of attachment were significantly less than the PLL coated PMMA (Figure 48 G-H) 

indicating the significance of the PLL in the coating. As neither the unmodified PMMA, the 

UV exposed PMMA nor the conventional TC-PS surfaces yielded acceptable culturing 

conditions they were abandoned after one day of incubation. However, PLL coating of the 

PMMA followed by UV-treatment did have a significant positive effect (Figure 48 G-I). The 

morphology of the hNS1 cells on PLL coated PMMA resembled the morphology of hNS1 

cells on PLL coated TC-PS indicating the two surfaces might be comparable. 
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A: Uncoated TC-PS, 2hA: Uncoated TC-PS, 2h B: Uncoated TC-PS, 24hB: Uncoated TC-PS, 24h

C: Uncoated PMMA, 2hC: Uncoated PMMA, 2h D: Uncoated PMMA, 24hD: Uncoated PMMA, 24h

E: PMMA + 30 min UV, 2hE: PMMA + 30 min UV, 2h F: PMMA + 30 min UV, 24hF: PMMA + 30 min UV, 24h

G: PMMA + PLL, 2hG: PMMA + PLL, 2h H: PMMA + PLL, 24hH: PMMA + PLL, 24h I: PMMA + PLL, 48hI: PMMA + PLL, 48h

 
Figure 48: Culturing of hNS1 cells on modifications of the PMMA surface. The experiments were performed 

simultaneously in four well culture plates. All wells contained the same media both on amount and composition 

and were seeded with equal amount of cells. All images were obtained using 10 x magnifications, except (I) in 

which 5 x magnification was used. (A) Uncoated TC-PS culture well 2 hours post seeding. (B) Uncoated TC-PS 

culture well 24 hours post seeding. (C) Unmodified PMMA 2 hours post seeding. (D) Unmodified PMMA 24 

hours post seeding. (E) PMMA exposed to 30 minutes of UV light 2 hours post seeding. (F) PMMA exposed to 

30 minutes of UV light 24 hours post seeding. (G) PMMA exposed to PLL treatment (20 µg per mL for 2 hours 

followed by 30 minutes of UV treatment, washed in milliQ water and dried) 2 hours post seeding. (H) PMMA 

exposed to PLL treatment, 24 hours post seeding. (I) The PLL coated PMMA surface was further inspected two 

days post seeding. 
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Culturing of the Bcl-XL transfected hNS1 cells was attempted in the µCCC utilizing another 

faster and less cumbersome coating, polyethyleneimine (PEI). Freshly passaged Bcl-XL cells 

were seeded in a freshly coated µCCC. Following 19 hours of culturing no cell movement or 

attachment was observed. Upon repositioning of the µCCC several attached cells were 

observed. The culturing was continued with the µCCC repositioned (Figure 49).  

 

The results indicated the µCCC was capable of supporting culturing of Bcl-XL stem cells for 

more than forty hours (Figure 49). Several cell divisions were observed. On Figure 49 a group 

of cells are highlighted with an arrow. Initially after 20 hours of culturing two distinct cells 

are visible. During the culturing these cells would proliferate and following 44 hours of 

culturing three attached cells are visible.  

 

Combined this indicates that the µCCC is capable of sustaining long term culturing of HeLa, 

CACO 2, COLO 205 and hNS1 cells. The results also indicate that changes in the molecular 

structure or composition of the surface might be of importance for cell proliferation. 
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A B

C D

E F

 
Figure 49: Culturing of Bcl-XL stem cells in the µCCC. Pictures were obtained with five minutes increment 

over almost 45 hours of culturing. The arrows indicates proliferating cells. (A) 20 hours after seeding of cells. 

(B) 25 hours post seeding. (C) 30 hours post seeding. (D) 35 hours post seeding. (E) 40 hours post seeding. (F) 

44 hours and 10 minutes hours post seeding. A movie of the entire culturing experiment is available on the 

accompanying data disc (Movie 8). 
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Biocompatible surfaces for use in microfabrication 

As the resolution attainable with laser ablation is larger than 100 µm 134, photolithography is 

required for realization of smaller feature sizes. SU-8 is an epoxy-based negative 

constructional photoresist widely used for fabricating microstructures in various micro total 

analysis system (µTAS) devices 135-140 because of its excellent chemical stability, optical 

properties and fast fabrication process 141. However, the SU-8 epoxy surface is not 

biocompatible 142. Not only cell adhesion and culturing is hampered in the SU-8 based 

microsystems, but also the PCR reaction is inhibited in the SU-8 structured reaction chamber 
142 . Chemical treatments have the potential to modify the SU-8 surface properties for 

extended time periods, and can easily be combined with other micro fabrication processes. 

The epoxy rings on the SU-8 surface are generally not reactive with standard corrodents (e.g., 

tetrahydrofuran (THF), HCl or HNO3), resulting in the pronounced chemical stability of SU-8 
143.   

 

SU-8 was investigated for its use as a cell culture surface and compared to tissue culture 

quality polystyrene (TC-PS) cell culturing flasks. SU-8 as well as PMMA are highly 

hydrophobic suggesting that they may be less suitable for cell growth 42,43 Therefore, a 

method was sought developed to modulate the hydrophobicity of SU-8. A simple two-step 

chemical surface treatment resulted in a hydrophilic SU-8 surface. The assumed chemical 

reaction mechanism of the protocol is shown in Figure 50. The HNO3-CAN treatment opens 

the SU-8 epoxy groups and converts them into nitro groups 144. This surface can subsequently 

be modified with ethanolamine 111. 

 

 
Figure 50: Proposed reaction scheme of the two-step SU-8 surface modification: 1: The epoxy ring on the 

SU-8 surface is believed to be opened by treatment with HNO3-CAN; 2: The nitrato radical on the modified SU-

8 surface reacts with the amino group of ethanolamine. 
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The water contact angle was measured on the differently modified SU-8 surfaces, PMMA and 

TC-PS cell culturing flasks. Treatment of SU-8 with HNO3-CAN decreased the contact angle 

from 95 ° to 45 ° (Figure 51). The HNO3-CAN treated SU-8 surface was chemically stable. It 

tolerated an ultrasonic agitation lift off process of photoresist in acetone. The contact angle of 

SU-8 could be decreased to 25 ° by treating SU-8 first with HNO3-CAN and a then with 

ethanol amine. Ethanolamine had no effect on the contact angle without the initial HNO3-

CAN treatment. The contact angle of the treated SU-8 surface returned to 50° after storage at 

room temperature for two months. In comparison, the contact angle of a PMMA sheet was 85 

° and the TC-PS cell culturing flask was 56 ° (Figure 51). These two surfaces served as 

control surfaces for the study of the differently treated SU-8 surfaces. As contact angles 

measured on a dry surface hardly reflects the environment encountered by the cells during 

culturing, the different surfaces were immersed in cell culture media and incubated for 24 

hours under cell culturing conditions. After drying under a gentle stream of N2, all surfaces 

had a contact angle with water less that were less than 15 °, indicating protein adsorption took 

place on all surfaces (Figure 51). 
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Morphology and growth characteristics 

The five different surfaces (Figure 51) were tested for biocompatibility by comparing cell 

morphology and growth characteristics. HeLa cells were seeded on the different surfaces and 

Figure 51: Water contact angles of different 

surfaces. The hydrophobicity of differently 

surfaces was determined by measuring the 

contact angle of water. Solid columns represent 

measurements performed on surfaces prior to 

incubation with cell culture media. Hollow 

columns represent water contact angles on 

surfaces after incubation with cell culture media 

under culturing conditions (37 ºC, 5 % CO2) in 

the incubator for 24 hours. Prior to measuring 

the contact angles, surfaces were dried under a 

gentle stream of N2. 
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the cell density was determined throughout a four day period. Untreated SU-8 had a very low 

doubling time of 147 ± 56 hours indicating an unusual slow growth compared to the reference 

cell culture flask that had a doubling time of 32 ± 0.9 hours (Figure 52). The images 

suggested that the few cell attaching to untreated SU-8 were elongated compared to cell 

grown in the culture flask. Very few dividing cells were observed on untreated SU-8. The 

HNO3-CAN modified SU-8 had a significantly higher cell density and lower generation time 

of 36 ± 0.7 hours (Figure 52) than cells grown on untreated SU-8. Dividing cells were 

observed more frequently. By contrast, SU-8 surface treated with HNO3-CAN and 

ethanolamine sustained cell growth rates that were indistinguishable from cell growth rates 

observed in cell culturing flask. Both surfaces resulted in cell doubling times of 

approximately 32 h.  
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The morphologies of cells cultured on the HNO3-CAN treated SU-8 closely resembled those 

of cells cultured HNO3-CAN and ethanolamine treated SU-8 surface and the culture flask 

surface. Cells cultured on untreated SU-8 however, displayed a more elongated morphology 

(Figure 53). 

Figure 52: Growth kinetics of HeLa cells on the 
differently modified SU-8 surfaces. Samples of 
the differently modified SU-8 surfaces were 
immersed in standard cell culture media in separate 
cell culture flasks and seeded with equal amounts 
of HeLa cells. The cells were inspected every 24 
hours and three to four representative pictures was 
grabbed from each surface on each occasion for 
cell manual counting. The entire culturing 
experiment was repeated twice. The label letters 
refer to the following different surfaces: (a). 
Untreated SU-8; (b). HNO3-CAN treated SU-8; (c). 
HNO3-CAN and ethanolamine treated SU-8; (d). 
Control culture flask surface. The error bars 
represent the standard deviation. 
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A: Culture flask, 24 h E: Culture flask, 4 days

B: Untreated SU-8, 24 h F: Untreated SU-8, 4 days

C: HNO3-CAN, 24 h G: HNO3-CAN, 4 days

D: HNO3-CAN + EtNH2, 24 h H: HNO3-CAN + EtNH2, 4 days

 
Figure 53: HeLa cells cultured on differently treated SU-8 surfaces. (A-D) Cells were cultured for 24 hours 

while in (E-H) the cells were cultured for four days. (A and E) is the reference culture flask. (B and F) is 

untreated SU-8. (C and G) represents HNO3-CAN treated SU-8 while (D and E) represents HNO3-CAN and 

ethanolamine (EtNH2) treated SU-8. All cells originated from the same culture and were cultured under identical 

conditions using the same media and culturing conditions.  
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Suspecting that soluble or diffusible factors might be responsible for the different growth 

kinetics as well as the differences in morphology observed, differently shaped patterns were 

created on the SU-8 surface by masking the SU-8 surface prior to treatment with HNO3-CAN 

and ethanol amine. The cells avoided areas that have not been exposed to HNO3-CAN and 

ethanol amine. Up to 18 cells were observed in 100 µm × 100 µm hydrophilic squares while 

no or few cells were observed on adjacent untreated surfaces (Figure 54 A). After cell 

division, cells on the patterned areas decreased in either size or attachment area rather than 

colonizing untreated SU-8. On the patterned 10 µm wide concentric circles, the cells appeared 

elongated and convex rather than circular, indicating the cells actively avoided the untreated 

SU-8 surface (Figure 54 B). Taken together these results demonstrate that SU-8 can be 

patterned with defined areas that sustain cell growth using the HNO3-CAN treatment. The 

results also suggest that diffusible factors/effectors are not causing the lack of growth on 

untreated SU-8 since cells separated by one or two µm displayed comparable morphologies 

and growth rates.  
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A B

C

 
Figure 54: HeLa cells cultured over night on SU-8 surfaces patterned with the HNO3-CAN ethanolamine 

treatment. (A) HeLa cells grown on an array of 50 µm × 50 µm squares. The dark areas observed to be out of 

focus are cells adhering to the bottom of the culture flask below the pattern (B) HeLa cell cultured on the DTU 

logo. (C) HeLa cells cultured on 10 µm wide concentric circles. The cells appeared to change their morphologies 

to fit on to the HNO3-CAN ethanolamine treated patterns avoiding contact to the untreated SU-8. 
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Whole genome expression profile comparison cells cultured on SU-8 

Following culturing of HeLa cells on the differently modified SU-8 surfaces, cells were 

collected and RNA was extracted. Following amplification, reverse transcription and labeling, 

the labeled cDNA was hybridized to whole genome DNA microarrays. Scatter plots of the 

resulting hybridization intensities (Figure 55 A-C) showed that cells grown on untreated SU-8 

and HNO3-CAN treated SU-8 had significantly different gene expression profiles compared to 

cells grown in cell culture flasks (Figure 39 A-B). The whole genome expression profile of 

cells cultured on HNO3-CAN and ethanolamine treated SU-8 was indistinguishable from 

generated from cells cultured in the reference cell culture flask (Figure 39 A-B). Genes more 

than three fold regulated were considered significantly regulated. In cells cultured on 

untreated SU-8, 44 genes were found significantly regulated (Figure 55 D). Of the 44 

significantly regulated genes, 37 were also regulated in cells cultured on HNO3-CAN treated 

SU-8. An additional 191 genes were also more than three fold regulated in cells cultured on 

HNO3-CAN treated SU-8 compared to cell growth in the culture flasks. All the regulated 

genes are found in Table 5 in Appendix. By contrast no genes were found more than three 

fold regulated relative to the culture flask, in cells cultured on SU-8 treated with HNO3-CAN 

and ethanolamine (Figure 55 C-D).  

 

Despite the fact that incubation with cell culture medium reduced the contact angle to ~15 º 

on all surfaces (Figure 51), we could not exclude that the lack of biocompatibility of untreated 

SU-8 could be explained by its originally hydrophobic properties. PMMA, another surface 

that was highly hydrophobic prior to incubation with cell culture medium (Figure 51), was 

previously investigated for biocompatibility and biocomparability. PMMA has been used 

since 1960ies in orthopedic surgery 145. More recently, PMMA has been used in µTAS for 

cell biology research 6 and as a substrate for DNA microarrays 146,147. Cells cultured on 

PMMA showed no differences in cell morphology, growth kinetics or gene expression 

profiles compared to cell grown in TC-PS culture flasks (Figure 36, Figure 52 and Figure 39 

C-D).  
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Figure 55: Scatter plots of whole human genome expression profiles following four days culture on 

different surfaces. Non-linear normalization of the raw data was performed using Qspline 99. The central line is 

the median and the upper and lower line represent a fold change of 3 up and down, respectively. (A) Untreated 

SU-8. (B) HNO3-CAN treated SU-8. (C) HNO3-CAN and ethanolamine treated SU-8. (D) A Venn diagram was 

used to display the number of more than three fold regulated genes on the differently treated SU-8 surfaces 

relative to the reference cell culture flask. Each circle represents one culture surface and the number reflects the 

number of genes more than 3-fold regulated on that surface relative to the cell culture flask. The numbers in the 

overlapping region of the circles indicates the number of genes that were more than 3-fold regulated on both 

corresponding surfaces, while the number in the overlapping region of all three circles reflects the number of 

genes that were regulated on all three surfaces The entire list of regulated gene names and rations is available in 

Table 5 in the Appendix on page 246. 
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Enhancement of the reverse transcription reaction for gene 

expression analysis  

cDNA yield of reverse transcription reactions 

To avoid 3’ bias resulting from poly(T) priming random priming was considered the method 

of choice. Conventional random priming method relies on the utilization of either random 

hexamers or random nonamers on poly(A) selected RNA. Some researchers claim that 

random nonamers perform better as the duplex formed between the RNA template and the 

primer is more stable. However, to the best of our knowledge, no systematic investigation of 

the effect of the random primer length on the resulting cDNA yield and quality has been 

performed. Seeking to elucidate if random nonamers priming was the optimal length random 

primer, several random primers differing in length by 3 bases were investigated starting from 

hexamers ending at 21-mers. The initial experiment sought to find the random primer that 

resulted in the most cDNA starting from the same amount of template RNA. As control a 

commercial random primer formulation consisting primarily of random hexamers from 

Invitrogen (Inv) was included (Figure 56). 
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Figure 56: Effect of random primer length on the yield of cDNA. (A) cDNA yield obtained from reverse 

transcription of 3 µg aRNA. Values are based on spectrophotometer measurements (A260-A310 nm). The random 

primers were obtained from an oligo vendor (Sigma-Genosys) ranging in length from 6 to 21 bases using a 3 

base length increment (R6 to R21). (B) Size distribution of the generated cDNA using the Agilent Bioanalyzer 

and the RNA 6000 Nano LabChip®. 
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The results indicated that reverse transcription reaction initiated with either R12 or R15 

yielded two-fold the amount of cDNA than did the commercial random primer formulation, 

R6 and R9 (Figure 56 A). It was also noted that both R6 and R9 obtained from an oligo 

vendor yielded more cDNA than did the commercial random primer formulation (Inv). Since 

the reactions were spiked with 3 µg T7 amplified RNA, the maximum yield is 10000 pmol 

synthesized nucleotides. Reactions initiated with R15 and R12 resulted in 80 % yield while 

R6 and R9 initiated reactions resulted in 40 % yield. However, cDNA concentration was 

measured spectroscopically after spin column purification steps which usually results in loss 

of DNA. It is therefore likely that R15 and R12 initiated reactions have yields close to 100 % 

indicating that almost the whole transcriptome was reverse transcribed using R15 and R12 

primers. Seeking to validate the spectroscopically measured results the cDNA initiated with 

the various length random primers were analyzed using the Agilent bioanalyzer (Figure 56 B). 

The results indicate that the intensity of the R12 and R15 initiated reactions were roughly 

twice as intense as Inv, R6 and R9 initiated reactions. The R15 initiated reactions being 

slightly more intense than the R12 initiated reactions. While R18 and R21 initiated reaction 

were more intense than Inv, R6 and R9 initiated reactions but less intense than R12 and R15 

corroborating the spectroscopically obtained findings. 

 

As mRNA also is frequently used as template for random primed reverse transcription 

reactions we wanted to test if the relationship in terms of cDNA yield between R15 and Inv 

initiated reactions was maintained when the template was mRNA rather than aRNA. The 

results (Figure 57) indicated that R15 initiated reactions yielded two-fold as much cDNA as 

did the Inv initiated reactions, confirming the findings from reactions relying on aRNA 

templates.  
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The results also indicated that R15 initiated reactions transcribed almost 100 % of mRNA into 

cDNA which again was two-fold better that the Invitrogen random primer initiated reactions 

used as control (Figure 57) indicating that aRNA as well as mRNA templates were more 

efficiently transcribed using R15 primers than the Invitrogen random primer formulation. 

 

Seeking to elucidate if the different length primers influenced the labeling efficiency of the 

resulting cDNA, the ratio of nucleotides per dye (Nuc/Dye) was determined for the different 

primers tested. The results indicated that the length of the primer used to initiate the reaction 

had little if any effect on the amount of dye incorporated in the cDNA. For all reactions a ratio 

of nucleotides per dye (Nuc/Dye) was approximately 40±15 (Figure 58). This indicates that 

the incorporation efficiency of aminoallyl-dUTP was not affected by the different primers. 

 

Figure 57: Comparison of cDNA yield 

of the conversion of 1.5 µg mRNA (non 

amplified RNA) into cDNA using 

Invitrogen R6 random primer and the 

R15. Each reaction was repeated three 

times using 6 µg of primers in each 

reaction. 
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Seeking to elucidate the optimal priming method for the reverse transcription reaction, two 

random primers were compared to a twelve-mer primer having two wobble bases followed by 

a stretch of ten Ts. The idea of this primer was to bind to the poly(A) tail on mRNAs and 

initiate transcriptions from 3’ end. In the literature suggestions has been put forward 

suggesting that random hexamer priming could be up to 10 fold enhanced if an amino liker 

was attached to the primer 111. This effect was sought reproduced and compared to a random 

nonamers primer (Figure 59). 
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Figure 58: The effect of the amount of 

dye incorporation with varying length 

of random oligonucleotides primers. 

The ratios were calculated based on 

spectroscopically measurements of the 

final labeled and purified cDNA. 

 

Figure 59: Effect of priming method 

on the cDNA yield. As template 100 

µg total RNA selected for poly(A) by 

Dynabeads was used. All reactions 

were initiated using 3 µg of each 

primer. Each priming method was 

repeated four times. 
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The results indicated that R9 priming yielded almost three fold as much cDNA as did the 

amino linked R6. This suggests that the added amino group to the R6 primer may not 

positively influence the yield of the reaction. The results obtained from NN-T10 priming 

indicated that this method was inferior to random priming and was hence not tested further as 

it may also result in 3’ bias. 

 

Random primers of varying length will have varying melting temperature. Analysis of the 

melting temperature as a function of random primer length suggests that short A/T rich 

random primers could have trouble initiating transcription at 42 °C since these primers most 

likely do not bind to RNA (Figure 60) at this temperature. Longer A/T rich primers have 

higher likelihood of initiating transcription due to their higher melting temperature. 
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Figure 60: Melting curves of 

oligonucleotides with varying length 

and adenine, cytosine content. The 

curves were generated by the theoretical 

melting temperature using 

oligonucleotides consisting solely of 

adenine (A), cytosine (C) or an equal 

amount of A and C. The reverse 

transcription reactions were performed at 

42 °C. 
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Effect of R15 priming on whole genome expression profiling 

As oligo(dT) priming is known to introduce a bias towards the 3’ end being transcribed more 

efficiently than the 5’ end of transcripts we sought to elucidate if R15 priming resulted in an 

altered gene expression profile. Labeled cDNA was co-hybridized with equimolar amounts of 

incorporated cy-dye to DNA microarray containing 44,000 probes covering the entire 

transcriptome. The resulting data was normalized using an non-linear normalization method 
111. 
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Figure 61: Scatter plots of normalized data from hybridizations to whole human transcriptome arrays. 

Non-linear normalization of the raw data was performed using Qspline 111. Cy-5 labeled samples were always 

plotted on the y-axis. The central line is the median and the upper and lower lines correspond to a 2-fold change 

up or down respectively. Prior to hybridization, the differently labeled cDNA samples were pooled using 

equimolar amounts of each Cy-dye (200 pmol). Molar amounts mentioned in pmol in this figure refer to the 

amount of Cy-dye incorporated in the cDNA and not the amount of nucleotides of cDNA.  (A) Normalized 

scatter plot of co-hybridization of 200 pmol Cy-5 labeled cDNA resulting from reactions initiated with Inv 

primes and 200 pmol Cy-3 labeled cDNA resulting from reactions initiated with R15 primers. (B) Repeating the 

experiment with the order of the dyes reversed. (C) Normalized scatter plot of co-hybridization of 200 pmol Cy-

5 labeled cDNA and 200 pmol Cy-3 labeled cDNA both resulting from reactions initiated with Inv primers.  

 

Genes were considered significantly different if the ratio exceeded two fold indicated by the 

upper and lower line on Figure 61 A-C. Repeating the experiments with the order of the dyes 

reversed enabled removal on non-significant noise and statistical analysis of the data. The 

results showed that, statistically, there were only three transcripts for genes that were found to 

differ between the R15 and Inv primed reactions (Table 4). In comparison, cDNA populations 

generated from four different Inv primed reactions differed statistically in two transcripts 

(Figure 61 C and Table 4).  
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Table 4: Genes showing significant changes in abundance in two cDNA populations. The ratio of Inv R6 

over R15 (a)) was calculated for two slides and the values were averaged. The P values were calculated using the 

student T-test. Genes were considered significant if they were more than two fold regulated and the P value was 

less than 0.05.The Inv R6 over Inv R6 ratios were calculated by utilizing the Inv R6 values from three slides and 

averaging the ratios. Thus inherent slide to slide as well as experimental variations are contained in these values. 

Probe name Gene Name Ratio SD % CV P value Sequence 

A_23_P355447 ZDHHC22 0.48 a) 0.01 1.86 0.0002 CAATGGGAGGGAGAGGGAGGAGGGG

AAGATCTGGGCAATTTTGGCCTTGA

CTCTTTCCTG 

A_32_P158433 THC2001391 2.20 a) 0.29 13.37 0.029 CAGAAGTCGCTGGGCTCATAAGGCT

CTTAGACGTGCTTGAGAGTGAGCCT

TTCGAAGAGA 

A_32_P187875 A_32_P187875 2.12 a) 0.15 6.93 0.0085 GAAGCATCGTATCACAGCAGGTTAC

AACAACTTTGGGATAAAAGGCAACT

GGTAAACTGT 

A_23_P87879 CD69 0.08 b) 0.04 48.58 0.00079 TGTGCAATATGTGATGTGGCAAATC

TCTATTAGGAAATATTCTGTAATCT

TCAGACCTAG 

A_24_P694760 AK056312 2.26 b) 0.29 12.65 0.025 TCAACTTTGCCTTGATAATTATTGT

AAACACTTTGTTCATTTTTTCTTTT

TTATTCACAA 
a) Ratio refers to the ratio Inv R6 over R15. 
b) Ratio refers to the average ratio values over three slides for Inv R6 signals. 

 

 

Inspecting the non-normalized microarray data (Figure 62 A-C) indicated a shift in the pattern 

of the scattered data plot indicating a shift of the data towards the R15 initiated cDNA. In 

Figure 62 A the shift is towards the Cy-3 channel containing R15 initiated cDNA when 

compared to the control (Figure 62 C). Repeating the experiment with the order of the dyes 

reversed the shift towards the Cy-5 channel containing the R15 initiated cDNA. 
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Figure 62: Scatter plots of non-normalized hybridizations to whole human transcriptome arrays. Cy-5 

labeled samples were always plotted on the y-axis. The central line is the median and the upper and lower lines 

correspond to one log2 fold change up or down respectively. (A-C) Non-normalized data from Figure 61.   

 

The effect of increasing signals was highest in the Cy-5 channel (Figure 62 A-B) which can 

be explained by the fact that Cy-5 signals were generally weaker than Cy-3 signals. 

Normalization of the data removes the positive effect of R15 priming (Figure 61 A-B and 

Figure 62 A-B) which was expected since the algorithm 111 is designed to remove systematic 

variations. 

 

Reverse transcription reactions initiated with R15 routinely results in twice as much cDNA as 

do Inv/R6 priming (Figure 56 and Figure 57). The significance of that was illustrated by co-

hybridization with twice the amount of Cy-dye incorporated R15 primed cDNA as Inv primed 

cDNA. Co-hybridizations were performed using R15 primed cDNA incorporated with 400 

pmol and Inv primed cDNA incorporated with 200 pmol Cy-dye. The experiment was 

performed twice with the order of the dyes reversed (Figure 63). 



Results 

- 105 - 

A B

Log2 200 pmol Inv non-normalized

L
o

g
2

40
0 

p
m

o
l R

15
 n

o
n

-n
o

rm
al

iz
ed

Log2 400 pmol R15 non-normalized

L
o

g
2

20
0 

p
m

o
l I

n
v 

n
o

n
-n

o
rm

al
iz

ed
C D

L
o

g
2

40
0 

p
m

o
l R

15
 n

o
rm

al
iz

ed

Log2 200 pmol Inv normalized

L
o

g
2

20
0 

p
m

o
l I

n
v 

n
o

rm
al

iz
ed

Log2 400 pmol R15 normalized

 
Figure 63: Co-hybridization with twice the amount of R15 primed cDNA than Inv primed cDNA. Cy-5 

labeled samples were always plotted on the y-axis. The central line is the median and the upper and lower lines 

correspond to a 2-fold change up or down respectively. (A-B) Normalized data. (C-D) Non-normalized data. 

 

Seeking to elucidate if R15 priming resulted in an increase in the amount of detectable genes, 

the number of genes with intensities above background was calculated (Figure 64).  
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The results showed that 24-81% more genes was detected using cDNA generated by R15 

priming compared to cDNA generated by Inv priming when equimolar amounts of dye 

incorporated cDNA was utilized (Figure 64, two left-most bars). This result cannot be 

explained by differences in fluorescence or amount of target hybridized between the two 

populations since the amount of labeled cDNA was normalized to 200 pmol incorporated dye 

prior to hybridizations. Between 80 and 550 % more genes were considered expressed on 

arrays hybridized with twice the amount of dye incorporated R15 primed cDNA compared to 

Inv primed cDNA (Figure 64, two right-most bars).  

 

Taken together, the results showed that that R15 priming not only increases the amount of the 

resulting cDNA but also yields cDNA with better representation of the original mRNA 

population. As R15 priming does not result in any bias in the represented cDNA indicates that 

random hexamers and random nonamers can readily be substituted with R15 primers from a 

conventional oligo vendor to increase the yield and quality of the resulting cDNA in reverse 

transcription reactions. 

 

 

Figure 64: Comparison of the amount of 

detectable genes with R15 and Inv 

priming. A gene was considered detected if 

it displayed a signal that was 50 % more 

than the background signal calculated as 

the average of the 1000 weakest signals on 

the array. 

 



Discussion 

- 107 - 

5 Discussion 

 

The aim of this project was the development of a low-cost polymeric chip that provides 

optimal conditions for mammalian cell culturing and which is optically transparent for on-line 

microscopic observation of the cultured cells. Conventional cell culturing is performed inside 

a CO2 incubator providing a constant temperature of 37 ºC and a CO2 enriched atmosphere of 

usually 5 %. The culturing temperature confers with the temperature of our bodies and like us 

the cells are extremely sensitive to variations in temperature. By optimization of cell culture 

conditions long-term on-chip cell culturing with homogeneous environment throughout the 

cell culture chamber was achieved. Utilization of morphological observations, growth kinetics 

and whole genome expression profiling, the chamber was found to provide culture conditions 

indistinguishable from those of the cell culture flask in bench-top CO2 incubators. This is 

important for collecting reproducible, high-quality data from real-time cell observations 

performed using the chip, and for the ability to compare and relate these results with 

conventional cell culture studies made in the past. 

 

Basic physiological conditions necessary for cell growth were established by using an 

enclosed perfusion chamber design (Figure 1 and Figure 3). The enclosed perfusion chamber 

prevents the evaporation and the interaction the culture media with atmospheric air and 

therefore eliminates the need for CO2 buffering and humidification of surrounding 

atmosphere. Moreover, the enclosed system reduces risks of contamination of the culture, 

while hampering direct access to the cells. Continuous perfusion eliminates the periodic 

changes in cell culture conditions, such as altered concentration of nutrients and metabolic 

products caused by media exchange procedures when using standard cell culture techniques 
24. Continuous perfusion is not always advantageous; for example, maintaining cell cultures, 

that are strongly dependent on signaling and conditioning metabolites excreted by the cells 

themselves, requires perfusion involving periodic partial media exchange in the chamber 

instead of continuous flow 148. However, cell culture chips with continuous perfusion can be a 

particularly valuable tool to identify such critical signaling factors since the perfusion 

constantly eliminates cell secreted factors within the chip and external factors can be added in 

a controlled manner. 

 

The µCCC is therefore highly suitable for studying effects on cell-to-cell communication by 

excreted factors or determining effects of pharmaceutical drugs in a highly controlled manner. 
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Controlled addition of desired stimulating drugs or solutions to the media in the chip enables 

on-line monitoring of the kinetics of the cellular responses to these stimuli either in terms of 

cell morphological or motility changes identifiable by optical microscopy or in terms of 

expression of fluorescently labeled proteins detectable by fluorescent microscopy. 

Additionally, on-line observations of changes in cell excreted factors due to changes in media 

formulation or addition/removal of selected growth factors might also be realized by 

perfusion of the outlet media through an antibody array if a labeled secondary antibody is 

added to the inlet media.  

 

Material and fabrication 

Biocompatibility of the µCCC was a vital issue as cells cultured in the µCCC was desired to 

experience culturing conditions similar to the reference cell culture flask. Generally, PMMA 

is known as a biocompatible material has been used since the 1960ies in orthopedic surgery 
145. More recent applications of PMMA include implantable intraocular lenses due to its 

excellent optical properties 42,149, substrate for DNA microarrays 146,147 and  µTAS systems as 

reviewed in 6,150. PMMA was hence selected as material for realization of the µCCC. Cell 

morphology (Figure 36) and whole genome expression profiles of cells cultured on PMMA 

inside a cell culture flask was found indistinguishable from the reference cell culture flask 

(Figure 39) supporting the previous findings that PMMA is biocompatible 42,145,149. PMMA 

has been reported to have low autofluorescence 151 making it well suited for conventional 

light microscopy and fluorescence based assays. Three dimensional microstructures can be 

realized in PMMA by techniques such as injection molding 152, hot-embossing 153,154 and laser 

ablation 110,155. Depending on the use of the microstructure different sizes of microstructures 

may be required. The smallest feature sizes are attainable by injection molding or hot-

embossing. However, these techniques are limited in their flexibility and especially hot-

embossing using a stamp fabricated by lithography in e.g. silicon is highly labor intensive and 

expensive.  

 

We found the dimensions of the flow equalizing barriers (Figure 6 and Figure 11) sufficient 

for equalizing the flow in the µCCC, while the height of the chamber (Figure 5) was used as a 

method of entrapping the cells. If more efficient cell traps are required in a microsystem, 

feature sizes smaller than the cell diameter (10 µm) are required. Feature sizes down to 100 

µm are attainable with the IR-laser ablation technique 110, while feature sizes less than 60 µm 

are attainable with excimer laser 156. However, excimer laser ablation has been found to 
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chemically modify the PMMA surface, which may influence the biocompatibility 157. For 

smaller feature sizes hot-embossing or injection molding are required.  

 

PDMS is a frequently used polymer as it can be used directly on a mold fabricated by 

lithography i.e. in SU-8, combining the small feature size of lithography with the ease of 

fabrication 115. This makes it relatively simple to make several replicas of the same structure. 

PDMS is notorious to strongly adsorb molecules to the surface as well as being extremely 

hydrophobic making PDMS structures hard to fill with aqueous solutions 9 as well as it is 

highly gas permeable 7,9,27,28. SU-8 it-self may also be used as a cell culturing surface, 

provided the surface is modified (Figure 50, Figure 53-Figure 55) 158. The modification was 

stable enough to sustain the lift-off process of photoresist. This enabled the formation of 

discrete biocompatible micropatterns on the bioincompatible SU-8 (Figure 54). If the PMMA 

culturing surface of the µCCC was replaced with SU-8 containing micropatterns of various 

shapes, on-line monitoring of e.g. cell-cell contact (Figure 23) could be studied on areas of 

confined space. 

 

Heating strategy 

To ensure uniform heating of the µCCC we found ITO based heating ideal. Being optically 

transparent (Figure 3, Figure 9 and Figure 10) and electrically conductive, ITO film does not 

obscure illumination of the chamber and at the same time can generate Joule heat when 

electrical power is applied to it. Being able to continuously monitor the temperature inside the 

µCCC using a thermistor during culturing enabled fast responses to fluctuations in ambient 

temperature (Figure 20). 

 

ITO-based heaters have also been integrated in some commercial glass micro-incubators 

instead of using peripheral heaters 159,160 as well as other cell culture devices 16,24. However, 

there are challenges in coating polymeric materials with ITO, because standard thin film 

vapor-deposition systems melt polymeric targets due to high temperatures in the vicinity of 

the vapor sources, and alternative sol-gel nanoparticle deposition methods 159,160 give 

relatively poor quality and stability of the ITO coatings 161,162. Therefore, specialized low-

temperature sputter-deposition systems are typically required 163. Due to the lack of direct 

access to such equipment, the ITO heater was incorporated into the PMMA structure of the 

chip by using commercially available ITO coated transparent PET films. These films were 

laminated in-between PMMA sheets during the thermal bonding procedure of chip fabrication 
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(Figure 1 - Figure 3). Because PET has higher glass transition temperature than PMMA, it 

maintains the integrity of thin ITO coating during bonding at 110 °C under pressure. Such a 

configuration also increases the reliability of the ITO film during chip operation, because the 

surrounding PMMA completely isolates the coating from culture media liquids and therefore 

protects the film from chemical and electrolytic erosion (Figure 1). 

 

Various other solutions to the archival of a culturing temperature of 37 ºC in culture chambers 

have been developed. The simplest being simply putting the culturing device inside the CO2 

incubator and relying on the incubator to provide the desired culturing temperature as well as 

CO2 enriched atmosphere for buffering of the media 9,19,20,22,28,30. The practical usefulness of 

such a heating strategy seems limited as little improvement if any is attained over the 

conventional cell culture flask. Furthermore one are faced with the same problems as when 

culturing in the cell culture flasks – the lack of possibility of continuous visual inspection of 

the cell culture without affecting cell culture conditions. In other studies a microscope with 

CO2 enriched stage environment 4,5 was utilized. Alternatively the temperature of the 

microscope stage was regulated 18, or the chamber exterior is perfused with preheated medium 
7,26, or a resistive heating coil is used to heat the chip 32.  

 

If the effects of heat shock were to be studied, on-line temperature measurements and 

regulation could significantly increase the control of the actual temperature the cells were 

exposed, to as well as the time they were exposed to that temperature. If the µCCC were 

seeded with cells transformed with e.g. a green fluorescent protein (GFP) tagged heat shock 

protein (HSP) such as hsp90, the kinetics of translation of individual proteins of could be 

studied in real time and coupled with more accurate temperature readings. Resulting in the 

elucidation of the timing involved during the onset of heat shock and the involvement of 

selected proteins. 

 

Phototoxicity 

When cells were cultured in the µCCC on the desktop they were unlike the reference cells in 

the CO2 incubator exposed to light. We found no indication of cell death when the power of 

the microscope bulb was set to minimal settings (Figure 18, Figure 19 and Figure 40) while 

cell death occurred within 48 hours when the power was raised above medium setting (Figure 

29 and Figure 31-Figure 32). Phototoxic effects have previously been observed when 

exposing cells to light with wavelengths below 540 nm 67. Spectral analysis of the light 
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reaching the cells through the microchip showed that in accordance with Wien’s displacement 

Law 164, that cells grown in the µCCC were exposed to significant amounts of light with 

wavelengths below 540 nm if the power setting of the microscope light was set at one third or 

above (Figure 33). This may indicate the existence of a correlation between perfusion rate, 

light intensity and the onset of phototoxic effects. The mechanism of Phototoxicity is not clear 

but phototoxic effects of visible light results from photodecomposition of riboflavin/vitamin 

B2 69, tyrosine 70 and tryptophan 71 and the generation of 1O2 and ·OH 69-71. Free radicals 

released due to photodecomposition of media components can induce serious cell damage and 

fibrogenesis as reviewed in 74. Many of the photoeffects may be eliminated by addition of 

anti-oxidants 69, indicating it to be advisable to add anti-oxidants to the medium if strong light 

sources are needed for an assay. Alternatively a system could be used that only expose cells to 

light during photographic recordings. Although we only have used white light microscopy, 

similar problems could occur using monocromatic light used for fluorescent assays.  

 

Shear stress  

The µCCC was designed to expose the cultured cells to a minimum level of shear stress using 

flow equalizing barriers (Figure 5 - Figure 7). This design enabled on-line monitoring of cell 

cultured under conditions comparable to the cell culture flask (Figure 40 and Table 2). Shear 

stress has been considered in many studies 4,5,14,15,19,26,30, but has been left unaddressed in 

others 16,24,27-29,31,32. Culturing cells in confined channels or chambers during continuous 

perfusion of media may result in shear stress. Depending on the cell type cultured, this can 

have adverse effects on the cell. If a cell culturing device is to provide cell culturing 

conditions resembling the in vivo situation for e.g. epithelial cells, the dimensions of the 

chamber or microchannels or the flowrate, could be used to generate a level of shear stress 

resembling various sizes of blood vessels. Such devices could be useful for on-line studies of 

e.g. the effect of thrombosis on adjacent cells and could potentially be used to identity novel 

genetic markers for the early stages of thrombosis. The level of shear stress has previously 

been used to study the migration and orientation of smooth muscle cells 165 as well as the 

effect on gene expression of endothelial cells 166. 

 

Biocompatibility 

In the present study, HeLa cells cultured within the µCCC, showed comparable growth 

kinetics (Figure 19), cellular morphology (Figure 36) and whole genome expression profile 
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(Figure 40) compared to cells grown in conventional culture flasks made of tissue culture 

quality polystyrene (TC-PS). Only two genes differed significantly in expression in all three 

experiments (Table 2) indicating a substantial noise in gene expression analysis that could be 

due to subtle biological variances between each culture or inherent variances in the 

microarray assay (Figure 40 and Table 2-Table 3). One of the significantly regulated 

transcripts was Ataxin 10 (Atx-10). Atx-10 has previously been reported to essential for the 

survival of cerebella neurons 167. The significance of Atx-10 being down regulated in HeLa 

cells cultured in µCCC is at present unclear. Blast searches performed on the probe sequences 

failed to reveal further insight regarding the biological functions of the significantly regulated 

transcripts. The results strongly indicated that the cells grown in the µCCC are biologically 

comparable to cells grown in cell culture flask. The results also suggest that the PMMA 

surface of the µCCC is biocompatible (Figure 39), conferring with previous studies 42,145,149. 

However, lower biocompatibility of osteosarcoma cells and endothelial cell (CPA-47) has 

been observed on untreated PMMA compared to TC-PS 168. Interestingly, the 

biocompatibility of PMMA was significantly increased by radio-frequency plasma treatment, 

which is also a standard treatment of PS in order to reach TC-PS quality 169. Changes in 

PMMA surface biocompatibility by plasma treatment, opens the possibility of systematically 

modifying surface properties, and with the use of the chip, direct on-line observations of 

cellular responses to these modifications could be performed.  

 

For demanding cell cultures, biocompatibility of the chip might be improved by using TC-PS 

instead of PMMA as chamber material. Unfortunately, due its physical properties, PS cannot 

be ablated by IR-laser with the same resolution as PMMA, so PS can replace only those 

chamber parts that do not contain microfluidic channels or other microscale objects. Thus, in 

the presented design of the chip (Figure 1), the entire chamber lid and bottom, which basically 

are the only surfaces exposed for cell adhesion, can be replaced by TC-PS. The only 

difference in chip fabrication necessary for the combination of TC-PS and PMMA is that 

thermal bonding has to be performed at 95 °C due to the lower glass transition temperature of 

PS. A different and simpler way of modifying the biocompatibility of the PMMA surface was 

demonstrated. Coating of the µCCC or PMMA with either PLL or PEI resulted in significant 

improved biocompatibility for hNS1 and Bcl-XL stem cells (Figure 46 - Figure 49). 

 

Our results showed no correlation between contact angle measurements of the dry material 

samples (Figure 51), growth kinetics (Figure 19 and Figure 52), morphology (Figure 36 and 

Figure 53) and whole genome expression profiles obtained from cells grown on them (Figure 
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39 and Figure 55). It has previously been speculated that a hydrophilic surface was important 

for cellular attachment 43 although other reports that hydrophobic surfaces yield better 

biocompatibility 36. It is noteworthy that preincubation the material samples with cell culture 

medium supplemented with 10 % FBS resulted in contact angels of 15 ° (Figure 51) 

suggesting that the surface the cells “see” is hydrophilic and if there was a correlation 

between hydrophobicity and biocompatibility, all surfaces would results in similar growth 

pattern and gene expression profiles, which was not observed (Figure 55). Most likely protein 

adsorption differs on the different surfaces. Adsorption and conformational changes of 

proteins to interfaces has previously been studied using atomic force microscopy (AFM) 170 

and circular dichroism (CD) 171,172. All studies indicate that the secondary structure of a 

protein changes when it is adsorbed to a surface, indicated by a decrease in the α-helix 

content and an increase in the random fraction and/or β-sheet 171,172 and the formation of 

protein aggregates 170. Different surfaces has also been shown to adsorb proteins differently, 

demonstrated by the differences in α-helix content in BSA 171, fibrinogen 171,173, albumin and 

gamma globulin 173 adsorbed onto different surfaces, suggesting the importance of which 

functional groups reside on the surface. Other studies have reported that protein conformation 

and orientation is of greater importance than the total amount of adsorbed protein 174,175.  

Hence a it may not only be the coating of a surface by either a single protein like fibronectin 
30,46,47 or a mixture of proteins like cell culture media supplemented with 10 % FBS that 

results in a biocompatible surface. Rather biocompatibility may arise from the orientation and 

conformation of the adsorbed protein(s).  

 

As the molecular organization of adsorbed proteins is not likely to be detected by contact 

angle measurements (Figure 51) this method appears to be an inappropriate method for 

assessing biocompatibility. Comparing the whole genome expression profiles of cells cultured 

for several generations on a novel surface with identical cells cultured in the reference system 

may provide more insight into whether the cells can be regarded as biologically comparable to 

the reference cells and whether the surface or a micro system or an implant can be regarded as 

biocompatible (Figure 55). In principle, whole genome expression profiling utilizes more than 

40,000 “sensors” to asses the actual metabolic state of a cell culture. 

 

Bio-comparability 

As cells cultured on SU-8 treated with HNO3-CAN displayed similar proliferation rate 

(Figure 52) and morphology (Figure 53) when compared to cells cultured in the unperturbed 
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culture flask, but showed a significantly different whole genome expression profile (Figure 

55), led us to define a novel concept for comparing surfaces or environments used in cell 

culturing. We defined bio-comparability as the degree of similarity in gene expression profiles 

between cells grown on two different surfaces. Surfaces or culturing conditions resulting in 

indistinguishable gene expression profiles were denoted bio-comparable. In the present study 

PMMA (Figure 39) and SU-8 treated with HNO3-CAN and ethanolamine (Figure 55) was 

found to be bio-comparable to the TC-PS culture flask. Furthermore the µCCC also gave rise 

to bio-comparable culture conditions (Figure 40). Similar growth kinetics (Figure 52) and 

morphology (Figure 53) was observed on SU-8 treated with HNO3-CAN, suggesting the 

surface to be biocompatible when compared to the culture flask. However, the whole genome 

expression profile indicated that the surface was not bio-comparable (Figure 55). Thus 

biocompatibility does not infer bio-comparability. 

 

It is possible that dissimilarities on the protein level could exist in cells growth on the four 

bio-comparable surfaces/environments (PMMA, cell culture flask, µCCC and SU-8 treated 

with HNO3-CAN and ethanol amine) which is not directly measured using DNA microarrays. 

This indicates that protein microarray may be better choice for analyzing bio-comparability in 

the future. Such protein microarray may also detect secondary modifications on proteins 

induced by surfaces. Current protein arrays are however less comprehensive than DNA 

microarrays 109 making protein arrays less ideal at the moment.  

 

In the present study only the HeLa cell line was evaluated for bio-comparability in the µCCC. 

As different cell lines may respond differently to stimuli 176,177, all cell lines should be 

evaluated for bio-comparability prior to making comparisons on assays performed in the 

µCCC with the culture flask. 

 

Growth kinetics  

We found a flowrate of 0.1 mL/h (1.67 µL/min) resulting in the theoretic exchange of media 

every hour suitable for the µCCC as the proliferation rate (Figure 19 and Figure 42) and the 

whole genome expression profile (Figure 40 and Table 2) were comparable to the cell culture 

flask. In another study utilizing an array of interconnected culture chambers, a slower flowrate 

(0.12 µL/min resulting in exchange of media every 4.4 hours) was found optimal 27,28. 

However the height of the chambers were only 40 µm and it was not indicated which chamber 

in the array was used to establish the optimal growth rate. It could be speculated that the 
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waste products generated in the first chambers would influence the growth rate in the 

following as spent media is perfused from chamber one through 10 in the array. However 

growth rate comparisons between the i.e. chamber one and ten in the chamber array were not 

included in the study. In the µCCC the media perfusion inlet was located more than 1 mm 

above the cell culturing surface and the total exchange of media components and waste 

products relied on diffusion. As the growth rates of both HeLa (Figure 19) and CACO 2 

(Figure 42) cells observed in the µCCC corresponded to the growth rates of the control cells 

in the CO2 incubator, and with values reported in the literature when a flowrate of 0.1 mL/h 

was used, we did not investigate the effect of flowrate further. However, when culturing hNS1 

stem cells a growth rate of 25 hours was observed (Figure 46) which was roughly 15 hours 

faster than the growth rate reported in the literature 178. This may result from the increased 

availability of the growth factors in the µCCC due to the continuous perfusion.  

 

Determination of the generation time of COLO 205 cells was hampered by the extreme 

mobility of these cells (Figure 44 - Figure 45) in culture making it difficult to identify if the 

accumulation of cells were due to migration or divisions. The majority of cells migrated from 

the upper left to the lower right corner, indicating a preference for cell migration. However, 

cells were also observed to migrate in the opposite direction. These motility observations of 

COLO 205 correlated well with the cell line were derived from a tumor that forms metastasis 
131, a trait which usually is associated with decreased adhesion and increased cell mobility 179. 

If this migration is caused by protein movement similar to the actin-myosin movement in 

contracting muscles, the µCCC seems and ideal platform for on-line studying these proteins 

under culturing conditions similar to the reference cell culture flask. 

 

Other cell culture chambers 

The µCCC presented in this thesis does unlike many other cell culture devices 9,19,20,22,28,30 not 

rely on the CO2 incubator to supply heat, humidity and CO2 for stabilizing the pH of the 

media. The µCCC has been proven to facilitate long term culturing (>2 weeks) of mammalian 

cells without contamination. The almost identical gene expression profile in cells grown on in 

the µCCC as compared with cells grown in the cell culture flask (Figure 40 and Table 2) 

strongly indicate that there is little if any difference between the two culturing conditions and 

the cells in the two systems could thus be directly compared to the HeLa cells. To our 

knowledge this is the first cell culture chip for mammalian cells that has been validated down 

to the transcriptome level of the cultured cells. As DNA microarray do not reveal information 
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regarding protein abundance, stability, splice variations, post transcriptional modifications etc. 

there is still the a small possibility that culture conditions provided by the µCCC might induce 

differences in terms of cellular responses when compared to the reference culture flask. 

Before conclusions are drawn based on biological assays performed in the µCCC relative to 

the reference culture flask, proper control experiments must be performed to elucidate if the 

assay conditions are comparable. 

 

In contrast, in many microfluidic cell culture chamber designs, biocompatibility of cells in the 

chamber was either not considered or presented 4,9,16,18,20,22,26,28. Other chambers were 

evaluated using viability assays 8,21,30 or morphological observations and growth kinetics 19,32. 

Viability was also used to assess toxicity of the epoxy and UV curable glue in the present 

study (Figure 14), but viability assays only provides information on if the materials are 

associated with adverse effects. Such assays are not as sensitive as compared to gene 

expression arrays since the latter has the potential to find subtle changes not detected by cell 

growth kinetics or morphology studies. Cells displaying similar morphology may show 

differences in expression patterns 180 indicating that morphological comparison may not be 

sufficient for assessing biocompatibility. Gene expression profiling has been achieved on a 

single cell 180,181 enabling comparability verification to be performed on virtually all cell 

culture devices provided that the cell or cell RNA can be extracted.  

 

In some studies individual cell culture chambers were arranged in arrays of interconnected 

chambers 4,5,15,27,28 in what could resemble a feeding line. Fresh media was perfused from the 

first chamber through all chambers in the feeding line prior to exiting to the waste. Feeding 

lines contained from 4 individual cell culture chambers 15 to 10 27,28 and up to 16 chambers 4,5. 

Depending of the flow rate utilized and the degree of cell confluence in the chambers, this 

may result a gradient of nutrients concentrations in the media. Furthermore, the feeding line 

may result in a gradient of the concentrations of both secreted waste products and growths 

factors from the first sub-chambers to the others. These gradients may result in different 

culturing conditions in the different culture chambers in the feeding line. However, no data 

was provided on e.g. differences growth kinetics in the different chambers. 

 

Random priming  

Assessment of the bio-comparability of a novel surface or culture condition requires that the 

cDNA used is representative to the RNA pool. Whole genome expression profiling on DNA 
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microarrays relies on the reverse transcription reaction to efficiently transcribe the entire 

mRNA pool (transcriptome). The priming strategy in reverse transcription reactions may have 

large effects on the cDNA yield and quality 89. Priming with random pentadecamers resulted 

in 80 % of the complex aRNA or mRNA population being reverse transcribed (Figure 56 and 

Figure 57). However, cDNA was measured spectroscopically after spin column purification 

steps, a purification method that usually results in loss of DNA. It is therefore likely that R15 

and R12 primer primed reactions have yields close to 100 % indicating that almost the entire 

aRNA or mRNA pool (transcriptome) is reverse transcribed using R15 and R12 primers. The 

increased coverage of the transcription process using R15 primers may explain why 24-81 % 

more genes were considered expressed on microarrays hybridized with R15 primed cDNA 

compared to Inv primed cDNA (Figure 64). In comparison, more than five fold more genes 

were considered expressed on arrays hybridized with twice the amount of R15 primed cDNA 

compared to Inv primed cDNA (Figure 64). The latter result reflects the practical effect of the 

increased yield of cDNA synthesis using R15 primers (Figure 56 and Figure 57). The results 

strongly show that priming with random pentadecamers in cDNA synthesis results in better 

sensitivity in DNA microarray assays.  

 

The largest effect on the number of genes detected using R15 primers in the cDNA synthesis 

was obtained in the Cy-5 channel. This is not surprising since we observed a non-linear 

relationship between the Cy-5 and Cy-3 channels with the Cy-5 channel consistently having 

lower signals (Figure 62). Increases in target concentration as result of using R15 as primers 

will therefore have larger effect on the number of genes detected since more genes were close 

to the background level when using Cy-5 as fluorochrome compared to Cy-3 (Figure 64). 

 

Hybridization efficiencies of random primers to the RNA template may vary substantially due 

to sequence related secondary folding of the RNA template 182. Increasing the annealing 

temperature in reverse transcription reactions increases the yield of the reaction by reducing 

the degree of secondary structures in the RNA template 91,183. Random pentadecamers has 

previously been reported to be used as primers in pre-amplification steps in whole genome 

amplification (WGA) 184. Presumably R15 primers were chosen because they would function 

in the PCR where annealing was done at 37 °C a temperature close to the 42 °C used in 

reverse transcriptions. Recently, reverse transcription polymerases operating at higher 

temperatures >50 °C has been introduced 185,186. These enzymes should give better efficiency 

of reverse transcription reaction due to the fact that less secondary structures in the RNA are 

encountered during the transcription process 186. It is likely that priming with longer primers 
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could also have a large positive effect on reverse transcription reactions performed at 50 °C 

since a larger fraction of the longer primers will be able to form duplexes with the RNA than 

the shorter primers. 

 

During reverse transcription aminoallyl-dUTP are incorporated replacing dTTP. Following 

the reaction, fluorescent labels are conjugated to the aminoallyl groups enabling the detection 

of the cDNA on DNA microarrays. Hypothesizing that the aminoallyl-dUTP incorporation 

will take place more frequently in AT-rich regions this should in result in the detection of 

these regions on DNA microarray. However, if random hexamers are used as primers in the 

reverse transcription reaction at 42 ºC, the majority of the primers may not remain hybridized 

to the RNA template long enough to ensure transcription as the melting temperature of AT-

rich primers would be <15 ºC (Figure 60). AT-rich R15 primers have a melting temperature 

slightly below 40 ºC. This may explain the findings that R15 priming results in the 

identification of more genes (Figure 64) and suggest that random hexamer priming may not 

optimal for AT-rich templates.  

 

The larger number of genes detected using non-normalized data (Figure 64) suggest initially 

that there would be significantly more genes that showed different expression pattern using 

normalized data. However, the normalization procedure is constructed to reduce systematic 

differences 111. Normalization operates by assuming that no gene was regulated and as much 

as two fold more detected genes (using equimolar concentration of cDNA) may be considered 

a systematic change and is corrected for. This was also apparent when analyzing normalized 

data using different amount of targets (Figure 63 A-B) where essentially no difference was 

observed. 
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6 Conclusion  

A low cost optically transparent polymeric micro cell culture chamber (µCCC) with 

integrated media perfusion microfluidics, temperature monitoring and regulation was 

developed. The fabrication process, which was based on laser micromachining and thermal 

bonding, offered a highly flexible design of the device, providing numerous lab-on-a-chip 

integration possibilities in the future. The µCCC was characterized by cell culturing of 

various cell lines and whole genome expression profiling. All tested cell lines could be 

cultured in the µCCC. The µCCC also supported resuscitation of cells from low temperature 

storage. Cells cultured in the µCCC revealed almost indistinguishable whole genome 

expression profiles to the reference cell culture flasks. No signs of photo induced effects, 

activation of DNA repair systems or shear stress was observed using whole human genome 

DNA microarrays. This suggests that the µCCC supports the culturing and on-line monitoring 

of mammalian cells under conditions indistinguishable from the reference cell culture flask in 

the CO2 incubator. To the best of my knowledge the µCCC is the only micro cell culture 

chamber characterized using whole genome expression profiling.  

 

 

A novel concept of bio-comparability was devised. Surfaces or culturing conditions resulting 

in similar whole genome expression profiles were defined as being bio-comparable. Bio-

comparability should not be mistaken with biocompatibility. Two surfaces may be 

biocompatible i.e. no difference in cell morphology or cell growth kinetics may be observed, 

but significant differences gene expression profiles may be observed. 

 

 

A novel random priming method was also developed and characterized in reverse 

transcription reactions. Not only was the yield in increased at least two fold using both aRNA 

and mRNA templates up to 24-81 % more genes were considered expressed in the Cy-3 or 

Cy-5 channel respectively compared to a commercial random hexamer primer formulation. 
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7 Future outlook 

The µCCC presented in the present thesis is capable of providing a culture environment which 

closely resembles the conventional culture flask and enables long term (> 2 weeks) culturing 

of mammalian cells. The transparent nature of the polymers comprising the chamber enables 

on-line monitoring of the cell culture.  

 

Initial experiments were performed with a modified design of the µCCC enabling the 

thermistor to be recycled reducing the cost price of the chambers. If the UV-curable and the 

epoxy glues used, were replaced with biocompatible versions of the same physical 

parameters, this chamber would be a significant improvement to the µCCC design. 

 

The power of the µCCC could be further increased if the media outlet was passed over an 

antibody array containing e.g. immobilized antibodies directed against targeted secreted 

proteins, cytokines etc. and a secondary fluorescent labeled antibody was included in the 

media formulation on-line studies of protein expression was possible directly on a fluorescent 

microscope. The chamber comprising the antibody array could be heated using a similar ITO 

heater with thermistor based temperature monitoring and PID regulation. To avoid bleaching 

of the fluorescent labels a simple electronic switch should be designed capable of either 

turning on the microscope lamp or allowing the light to pass through to the chamber only 

when needed for obtaining the images. 

 

Realization of a chamber holding a protein array would require a different bonding method as 

spotted proteins would not sustain the high temperatures required for bonding of PMMA. 

However bonding of PMMA sheets can be achieved using either acetone of dichloromethane 

without compromising either DNA-DNA or protein-protein interactions. 

 

Media perfusion could also be simplified using the combination of gravity and capillary 

forces to drag fresh media through the chamber. 

 

If the µCCC was redesigned using the suggestions regarding recycling the thermistor, 

commercialization of the system seem possible. 
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Abstract 
Modern microfabrication and microfluidic technologies offer new opportunities in design and 

fabrication of miniaturized cell culture systems for on-line monitoring of living cells. We used 

laser micromachining and thermal bonding to fabricate optically transparent, low-cost 

polymeric chip for long-term on-line cell culture observation under controlled conditions. The 

chip incorporated a microfluidic flow equalization system assuring uniform perfusion of the 

cell culture media all over the cell culture chamber. The integrated indium-tin-oxide heater 

and miniature temperature probe linked to an electronic feedback system created steady and 

spatially uniform thermal conditions with minimal interference to the optical transparency of 

the chip. The fluidic and thermal performance of the chip was verified by finite element 

modeling and by operation tests under fluctuating ambient temperature conditions. HeLa cells 

were cultured for up to two weeks within the cell culture chip and monitored using a time-

lapse video recording microscopy set-up. Cell attachment and spreading was observed during 

the first 10-20 hours (lag phase). After approximately 20 hours cell growth gained exponential 

character with estimated doubling time of about 32 hours, which is identical to the observed 

doubling time in standard cell culture flasks and CO2 incubator. 
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Introduction  
Cell culturing is a core method in biological science and clinical research, as well as in many 

biotechnological and biomedical engineering areas.  Typically, mammalian cells are grown in 

a nutrient buffer within plastic culture flasks or multiwell plates, which are placed in a 

standard bench-top incubator. The incubator maintains the physiological conditions necessary 

for cell growth, such as sterility, proper temperature, pH and osmotic pressure. Standard cell 

culturing is reliable and is used in the majority of cell culture based experiments. However, it 

has limitations when dynamic processes of the cells have to be investigated. The cells can be 

taken out of the incubator for a short-time observation and then returned into the incubator 

until the next observation, but this does not allow continuous on-line monitoring of the 

cellular processes.  

 

For the continuous real-time observation of cells, the incubator has to be (i) enlarged to the 

size of a room to accommodate all observation instruments as well as the operator, (ii) 

modified to enclose the observation instrument and provide the instrument controls to the 

outside operator, or (iii) reduced to fit into the instrument, for example on the stage of a 

microscope. The first option is usually chosen when running many parallel on-line 

experiments on a regular basis, but it requires large investment and running costs.  

Furthermore, to allow the operator to breathe normally, the atmosphere is not enriched for 

CO2, which requires special cell culture media and thus limits the range of cell types that can 

be investigated. Moreover, the operator working within the incubator might transmit 

infections into cell cultures. Enclosing the investigation instruments - typically a microscope - 

by the incubator is less costly and provides better sterility than a room incubator, as it isolates 

the operator from the cell culture and the instrument. However, in this case physical 

accessibility to the instrument is significantly reduced, and therefore it has to be equipped 

with remote controls and handling tools. Miniaturized cell culture incubators not only enable 
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the growth and on-line observation of cells directly on the stage of an optical microscope, but 

they also provide the whole list of benefits intrinsic to microsystems, including low 

consumption of power and reagents as well as fast response due to small mass and volume of 

the devices. In addition, this type of setup provides opportunities for parallel operation for 

high throughput analysis and integration of multiple sensors for monitoring environmental 

parameters. Finally, the microsystems can be designed as single-use disposable devices due to 

low-cost mass production involving batch-type fabrication and because only small amounts of 

raw materials are required (1). 

 

The opportunities offered by microfabrication and microfluidic technologies in design and 

fabrication of miniaturized cell culture systems are being explored by researchers (2). One 

trend is the development of extremely small cell culture chambers intended for study of 

single/few cell related biological phenomena (3-7). Alternatively, micro chambers are 

designed to provide and/or investigate effects of unique physiological cell culture conditions 

in terms of culture media composition, pressure, shear stress, and chemical and geometrical 

micro-environment (8-17). 

 

Commercially available miniaturized cell culture systems are mainly developed for live-cell 

microscopy, sometimes including options for mechanical cell micromanipulations and 

electrophysiology. Typically they consist of two parallel glass coverslips, defining the top and 

the bottom of the chamber, and a sealing spacer, providing chamber’s walls (18). For long-

term cultures, such systems contain inlets for continuous media perfusion, which provides 

fresh nutrients and removes metabolic wastes (19,20). The perfusion is typically driven by 

gravity or by peristaltic/syringe pumps. The temperature required for cell growth is 

maintained by heated air stream directed to the chamber, by heated water flow in the channels 
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surrounding the chamber, or by integrated electric heaters consisting of resistance wires, thin 

films or thermoelectric (Peltier) elements, all controlled via electronic feedback loop (20,21). 

Several modifications of these setups exist, such as open chamber systems containing a 

cleaned oil layer on top of culture media instead of glass coverslip, which prevents fluid 

evaporation without hindering direct access to the cells by manipulation or probing tools 

(22,23). Some devices do not contain an integrated cell chamber but accommodate a standard 

cell culture dish and interface it with media perfusion and temperature control systems (Open 

Perfusion Microincubators, Harvard Apparatus, Holliston, US). 

 

The thin dimensions and material properties of the glass cover slips used in the described 

systems provide a very good optical setup for high magnification microscopy. Unfortunately, 

commercial cell culture micro-incubators are expensive and are available in a limited number 

of designs (24). Moreover, many of commercial chambers provide uneven environmental 

conditions for cells and therefore might contribute to artifacts or irreproducibility in the 

experimental data recorded from cells (16,21). For example, cells experience different 

temperatures in the central part of the chamber compared to peripheral parts when the heat is 

induced by heaters that are designed as a ring surrounding the cell chamber. Moreover, the 

perfusion of the media in most commercial chambers is carried out via localized inlet 

apertures, which induces high flow velocities in vicinity of the inlet or outlet apertures and 

low velocities in the remote chamber parts. This causes uneven shear stress and supply of the 

nutrients to the cells in different parts of the chamber. Although many of these problems can 

now be eliminated by using more advanced designs and technologies (10,21), only a few 

improvements have been implemented in the commercially available cell culture chambers 

and the added sophistication significantly increases the cost of these devices. 
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Our approach is to utilize the advantages of modern microfabrication and microfluidics 

technologies in order to develop a novel disposable polymeric chip containing a fully-

transparent perfusion chamber that enables reliable, long-term cell culture and is compatible 

with all types of microscopy (upright/inverted, reflective/transmission). 

 

Materials and methods 
 

Fabrication  
 

The cell culture chip was made out of five poly-methyl-methacrylate (PMMA) sheets (Fig. 

1a), which were separately cut and micromachined by laser ablation, and assembled into 

functional structure by thermal bonding technique as described by Klank et al. (25). Briefly, 

an infrared (IR) laser ablation system (Synrad Inc., Mukilteo, USA) was run using 500-800 

mm/s beam movement velocity, 28-32 W laser power and 1000 dpi exposure resolution to 

induce chip contours, alignment holes, chamber and heater spacers, and microfluidic channels 

on 1.5 and 0.25 mm thickness PMMA sheets (type 99530 Röhm GmbH & Co. KG, 

Darmstadt, Germany). Prior to the bonding processes, the micromachined PMMA parts were 

annealed at 80°C temperature for at least 30 min in order to avoid stress cracks in the 

structure. After annealing, the parts were wiped with 96% ethanol, aligned and exposed to the 

110 °C heat treatment under mechanical pressure for one hour, which caused an irreversible 

bonding of the structured PMMA parts. 

 

The integrated heater was made from indium tin oxide (ITO) coated polyethylene 

terephthalate PET film (Sigma-Aldrich, St. Louis, USA) embeded into the chip below the cell 

culture chamber bottom. The electrodes were made from standard copper wires and attached 

to ITO film by conductive epoxy based glue (Circuitworks, Chemtronics, Kennesaw, US). 
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The resistance of the ITO-film was used as a measure of the connection quality. Only 

chambers with a resistance lower than 17 Ω were used. 

Inlets and outlets of the chip were realized from 18 gauge blunt-end stainless steel needles 

(Becton Dickinson, Drogheda, Ireland) that were abraded on the surface for better interlock 

with the polymer structure of the chip. The needles were fixed and sealed to the structure with 

epoxy glue (“5 Min. Epoxy”, R&G GmbH, Waldenbuch, Germany).  

 

Temperature control 
 

The temperature inside the cell culture chamber was controlled by a proportional-integral-

derivative (PID) feedback loop which was implemented using LabView v7.0 software 

(National Instruments, Austin, USA). The computer program controlled the voltage applied 

on the ITO film based heater depending on the temperature readings from the TS67-170 

micro-thermistor (Oven Industries Inc., Mechanicsburg, USA) located within the cell culture 

chamber. A USB based multifunction data input/output board (LabJack U12; LabJack 

Corporation, Lakewood, USA) and two home-made electronic circuits (see Supplementary 

Figure 1) were used to connect the heater and the thermistor to the computer and the external 

power source (9 V, 500 mA, AC/DC converter type OTC 910801, Otron Electronics, Hong 

Kong). One electronic circuit controlled the electrical power provided to the heater depending 

on the voltage level in the analogic output (AO) port of the LabJack board. The voltage 

applied on the heater followed the AO voltage but with much higher current supplied from the 

external power source. The second electronic circuit kept constant current (50 µA) passing 

through the thermistor, and therefore converted temperature dependant resistance changes of 

the thermistor into voltage signals that were registered by the analogic input (AI) port of the 

LabJack board. The voltage signal was further converted into temperature values and logged 

in computer memory by the same LabView code. 
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Physical modeling 
 

Two-dimensional finite element modeling was performed to evaluate fluidic and thermal 

properties of the chip. Modeling was made using Fluid Dynamics and Heat Transfer modules 

of FEMLAB v3.1b software (COMSOL A/S, Kgs. Lyngby, Denmark). The physical 

parameters of the materials used in simulations are listed in Table I. 

 

First, the incompressible Navier-Stokes equations were solved to simulate steady state 

velocity field of the culture media perfusion. No-slip boundary conditions were applied on the 

walls of the channels and the chamber, a parabolic velocity profile with average speed 

corresponding to 0.1 ml/h perfusion rate was used at the inlet, and zero pressure conditions 

were set at the outlet. 

 

In the second step, the obtained flow velocity field was used to compute heat transfer by 

convection and conduction of heat energy. It was assumed that the liquid, which is 

continuously entering the chip, is initially at room temperature. The heat from the heater was 

induced at the same power across the whole surface of the chip. Heat dissipation to the 

ambient at 20 W/(m2·C) was also taken into account in the model.  

 

Cell culture and time-lapse microscopy 
 

The human carcinoma cell line HeLa was maintained in 75 cm2 culture flasks (Easyflask, 

Nalge Nunc International Rochester, NY, USA) in 25 ml RPMI 1640 media supplemented 

with 10 % Fetal Bovine Serum (FBS), 1000 U/ml penicillin and 1 mg/ml streptomycin (all 

components from Sigma-Aldrich, St. Louis, USA). The alkalinity of the media was inspected 
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by miniLab IQ125 pH-meter (IQ Scientific Instruments, Carlsbad, USA). Cells were routinely 

cultured in a bench-top incubator (Assab, Don Whitley Scientific Ltd., Shipley, UK) 

providing 37 °C and 5% CO2-enriched atmosphere. Seeding of the cells was performed with a 

density of 6667 cells per cm2 and the cells were sub-cultured every three to four days when 

around 90 % confluence was reached. For cell growth doubling time estimation, two 

independent cell culture experiments, each lasting four days, were carried out. Cell counting 

was performed using microscopic images of the cell culture taken by temporarily removing 

the cell culture flasks from the CO2 incubator and placing them on the stage of the inverted 

microscope. Three to four images were grabbed of each culture flask on each day over a four 

day period and counting was performed (twenty seven counts in total). 

 

For on-chip cell culture experiments, the perfusion inlet of the chip was connected to a 20 ml 

sterile syringe (Becton Dickinson, Drogheda, Ireland) by polytetrafluoroethylene (PTFE) 

tubing (Ø 0.8 mm, Bohlender Gmbh, Grünsfeld, Germany), which was attached by flexible 

polydimethylsiloxane (PDMS) connectors. The syringe was loaded with the cell culture media 

which was pre-heated to 37 °C to minimize bubble formation inside the syringe. Continuous 

media perfusion was done using a syringe pump (Model 22, Harvard Apparatus, Holliston, 

USA) generating a flow rate of 0.1 ml/h (1.67 µl/min).  

 

The chip was mounted on a microscope stage of a standard phase contrast microscope (Nikon 

model Alphashot 2 YS2, Nikon Corporation, Tokyo, Japan). Injection of cells was performed 

through a 25-gauge needle (Becton Dickinson, Drogheda, Ireland) attached to a 1 mL syringe 

(Becton Dickinson, Drogheda, Ireland). Cells were seeded at a density of 10 to 100 cells 

within the field of view of the x10 magnification objective. Cell culture images were digitally 

recorded using a Nikon Coolpix 990 camera attached to the microscope via a Nikon Coolpix 

MDC lens and equipped with a Nikon MC-EUI remote control unit operating in time-lapse 
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mode, typically with five-minute period. The images were converted into AVI movie format 

and time-stamped using ScionImage v.4.0.2 freeware (Scion Corp., USA) and home-written 

macros. 

 

Cell growth doubling time in on-chip culture was estimated from two independent 

experiments lasting 50 and 120 hours. Cell counting was performed using time-lapse 

microscopy image sequence. Cell counts were made on the images taken every 10 hours, 

making 20 counts in total. 

 

Results 
 

The composite layers and the resulting complete fabricated chip are shown in Fig. 1. The 

basic design of the chip incorporates a single 7.6x13.0 mm2 cell culture chamber, which 

contains an inlet and outlet for media perfusion, and an additional inlet for cell seeding. All 

channels have Gaussian cross-section (25) which is 400 µm wide and 500 µm high. The 

microfluidic barriers, which consist of series of microchannels on both sides of the cell 

chamber, establish uniform media flow during perfusion and cell entrapment during the 

seeding process. The microchannels are 1.5 mm long and are distributed with 0.6 mm pitch 

along the barriers. The channels have Gaussian cross-section which is 300 µm wide and 350 

µm high. The integrated thin film heater entirely covers the bottom or top of the cell chamber 

(depending on whether an upright or inverted microscope is used) and part of microfluidic 

channels, which helps to pre-heat the perfusion media before it enters the cell chamber. The 

temperature probe is incorporated directly within the chamber to ensure on-site readings of 

the temperature.  
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The homogeneity of cell culture environment was significantly improved by flow equalization 

barriers and an integrated heater, which regulate media supply distribution, shear stress and 

thermal conditions within the chamber. As it can be seen from 2D numerical modeling results 

(Fig. 2), the equalization barriers are predicted to cause uniform flow velocity field over the 

majority of the cell chamber area: ±10 % variation over 70 % of the chamber area compared 

to ±90 % variation in the same area with direct inlet/outlet configuration. The modeling was 

also performed on the chamber configuration containing three inlet and outlet channels (see 

supplementary material). Such configuration significantly improves flow distribution in the 

chamber without equalization barriers (±60 % variation over 70 % of the chamber area). 

However, in this case the flow profile is very sensitive to clogging of one or more of the 

channels and is still less uniform than in the chamber containing microfluidic flow 

equalization barriers. In the chip itself, the effectiveness of the barriers was confirmed by 

observing dye flow in the chamber (see supplementary material). A similar configuration was 

proven to be effective on a smaller scale by Hung et al. (10,11), while Focht et al. used “T” 

shaped grooves as inlet and outlet for laminar media perfusion (21). 

 

Results of 2D temperature distribution modeling are shown in Figure 3. Temperature 

variation along the cell culture chamber is predicted to be up to 3 ºC when a steady state of 37 

ºC is achieved in the middle part of the chamber. Bottom to top variation is modeled to be less 

than 0.6 ºC. The temperature gradients are mainly caused by infusion of room temperature 

cell culture media. In the functional device, the entering media has more time to be pre-heated 

in the inlet channels lying above the heater. Assuming that the media reaches 28 ºC in the 

inlet channels, we estimate the temperature variation within the chamber is less than 1.5 ºC. 

 

To test the chip for thermal control stability over long time periods, temperature was recorded 

during operation for one week (Fig. 4). Despite significant fluctuations in ambient 
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temperature (18.0-24.3 ºC) due to the day-night cycle, the temperature within the chamber 

was maintained unperturbed (37.00±0.26 ºC) due to PC controlled feedback, which 

continuously adapted the voltage amplitude applied on the heater (2.2-2.9 V).  

 

No changes in the pH of the perfused media was observed indicating that the enclosed 

perfusion system efficiently eliminated the need of CO2 buffering of the media. 

 

HeLa cell culture experiments indicated normal growth and morphology of the cells during 

the on-line observations lasting up to two weeks. Infections of the cell culture were efficiently 

eliminated by dry sterilization (100 ºC, 1h) of the chip and wet autoclaving (140 ºC, 15 min) 

of connection tubing prior to media infusion and seeding of cells. 

 

Time-lapse microscopy was used to evaluate cell attachment and growth kinetics inside the 

chamber of the cell culture chip. Cell attachment and spreading was observed during the first 

10-20 hours (lag phase). After approximately 4 to 6 hours, the cells started to divide. After 

approximately 20 hours, cell growth became exponential, with an estimated doubling time of 

32 hours with 6 hours standard deviation (Fig. 5). The doubling rate of the reference cells 

cultured in standard culture flasks in a bench-top incubator was 32 hours with one hour 

standard deviation.  

 

Discussion 
The goal of this study was to develop a low-cost polymeric chip that provides optimal 

conditions for cell culturing and which is optically transparent for on-line microscopic 

observation of the cultured cells. By optimization of cell culture conditions we aim to achieve 

long-term on-chip cell culturing with homogeneous environment throughout the cell culture 

chamber and with expressed cell biological behavior identical to the cell cultures grown in 
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bench-top incubators and standard cell culture flasks. This is important for collecting 

reproducible, high-quality data from real-time cell observations performed using the chip, and 

for the ability to compare and relate these results with standard cell culture studies made in 

the past. The time-lapse microscopic observation of HeLa cells allowed us to follow cell 

attachment and spreading right after the seeding (Fig. 5) as well as the growth kinetics of the 

culture for up to two weeks. This indicates that cells can be successfully cultured outside a 

bench-top incubator with on-chip thermoregulation and continuous flow of cell culture 

medium. 

 

Basic physiological conditions necessary for cell growth were established by using an 

enclosed perfusion chamber design. The enclosed perfusion chamber prevents the evaporation 

and the interaction the culture media with ambient air and therefore eliminates the need for 

CO2 buffering and humidification of surrounding atmosphere. Moreover, the enclosed system 

reduces risks of infection or contamination of the culture. Unlike standard cell culturing, 

where the medium is replaced every third or fourth day, continuous perfusion of the chamber 

with fresh culture media provides constant supply of nutrients and metabolic waste removal. 

Continuous perfusion eliminates the periodic changes in cell culture conditions, such as 

altered concentration of nutrients and metabolic products caused by media exchange 

procedures when using standard cell culture techniques (17). Continuous perfusion is not 

always advantageous; for example, maintaining cell cultures, that are strongly dependent on 

signaling and conditioning metabolites excreted by the cells themselves, requires perfusion 

involving periodic partial media exchange in the chamber instead of continuous flow (26). 

However, cell culture chips with continuous perfusion can be a particularly valuable tool to 

identify such critical signaling factors since the perfusion constantly eliminates cell secreted 

factors within the chip and   external factors can be added in a controlled manner. The chip is 

therefore highly suitable for studying effects on cell-to-cell communication by excreted 
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factors or determining effects of pharmaceutical drugs in a highly controlled manner. 

Controlled addition of desired stimulating drugs or solutions to the media in the chip enables 

on-line monitoring of the kinetics of the cellular responses to these stimuli either in terms of 

cell morphological or motility changes identifiable by optical microscopy, or in terms of 

expression of fluorescently labeled proteins detectable by fluorescent microscopy. 

 

Additionally, online observations of changes in cell excreted factors due to changes in media 

formulation or addition/removal of selected growth factors might also be realized by 

perfusion of the outlet media through an antibody array if a labeled antibody is added to the 

inlet media. Indeed, auto-fluorescence measurements of the chip materials in CY-3 and CY-5 

fluorescence channels using micro-array laser scanner (ScanArray® Lite, Packard Biochip 

Technologies, Billerica, USA) showed that fluorescence studies of the cultured cells are 

completely possible in the CY-3 channel. However, the ITO coated PET sheet was found to 

auto-fluoresce in the CY-5 channel (data not shown), which limits the range of fluorescence 

dyes that can be used for cell staining or protein/antibody labeling. 

 

In this study, polymers have been chosen as a base material of the cell culture chip as they 

offer attractive combination of functional and processing properties. First of all, polymers, 

especially polystyrene (PS), are known to be biocompatible with majority of cell cultures 

(27). Additionally, many polymers are transparent to the light and therefore allow on-line 

microscopy of the cells and optical read-out of integrated probes/sensors. From the fabrication 

point of view, polymers are inexpensive materials and have well-established techniques for 

large-scale micro-replication and production (hot-embossing, injection-molding) (28). This 

provides possibility to produce inexpensive, easy-to-use disposable biochips, ensuring sterile 

environment for the cells and high quality bio-analysis (1). The combination of polymer 

micromachining techniques used in this study - computer controlled laser micro-ablation and 
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thermal bonding of polymers - allows rapid production of prototype microsystems, giving 

opportunity for easy modification and optimization of the chip during the development phase 

(25,29). Laser micromachining combined with thermal bonding is a technique used in making 

general lab-on-a-chip systems (25), so the cell culture chamber of the chip can be integrated 

with microfluidic components such as pumps, valves, mixers, or with complete sample 

pretreatment and analysis microsystems. Microfluidic drug concentration gradients for high 

throughput drug screening (10,11), optical sensors for metabolism analysis (30) and on-chip 

staining and flow cytometry (31) are few integration options that we plan to add-on to the cell 

culture chip in the future. In comparison, such structures are complicated to do in glass or 

silicon since it requires a lot of specialized machinery and clean room facilities (10,11). 

 

To ensure uniform heating, ITO-based heaters have been integrated in some commercial glass 

micro-incubators instead of using peripheral heaters (21). Being optically transparent and 

electrically conductive, ITO film does not obscure illumination of the chamber and at the 

same time can generate Joule heat when electrical power is applied to it. However, there are 

challenges in coating polymeric materials with ITO, because standard thin film vapor-

deposition systems melt polymeric targets due to high temperatures in the vicinity of the 

vapor sources, and alternative sol-gel nanoparticle deposition methods (32,33) give relatively 

poor quality and stability of the ITO coatings (34,35). Therefore, specialized low-temperature 

sputter-deposition systems are typically required (36). Due to the lack of direct access to such 

equipment, the ITO heater was incorporated into the PMMA structure of the chip by using 

commercially available ITO-coated transparent PET films. These films were laminated in-

between PMMA sheets during the thermal bonding procedure of chip fabrication (Fig 1). 

Because PET has higher glass transition temperature than PMMA, it maintains the integrity of 

thin ITO coating during the bonding at 110 °C under pressure. Such a configuration also 

increases the reliability of the ITO film during chip operation, because the surrounding 
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PMMA completely isolates the coating from culture media liquids and therefore protects the 

film from chemical and electrolytic erosion (Fig. 1a). 

 

Biocompatibility of the chip materials is an important issue for long-term culture of healthy 

cells. Generally, PMMA is known as a biocompatible material and is widely used as 

implantable intraocular lenses due to its excellent optical properties (27). In our study, HeLa 

cells cultured within the PMMA chip showed identical morphology and doubling times (Fig. 

5) compared to cells grown in commercial culture flasks made of tissue culture quality 

polystyrene (TC-PS). However, lower biocompatibility of osteosarcoma cells and endothelial 

cell (CPA-47) has been observed on untreated PMMA compared to TC-PS (37,38). 

Interestingly, the biocompatibility of PMMA was significantly increased by radio-frequency 

plasma treatment, which is also a standard treatment of PS in order to reach TC-PS quality 

(38). Changes in PMMA surface biocompatibility by plasma treatment opens the possibility 

of systematically modifying surface properties, and with the use of the chip, directly 

observing cell culture responses to these modifications. For demanding cell cultures, 

biocompatibility of the chip might be improved by using TC-PS instead of PMMA as 

chamber material. Unfortunately, due its physical properties, PS cannot be ablated by IR-laser 

with the same resolution as PMMA, so PS can replace only those chamber parts that do not 

contain microfluidic channels or other microscale objects. Thus, in the presented design of the 

chip, the entire chamber lid and bottom, which basically are the only surfaces exposed for cell 

adhesion, can be replaced by TC-PS. The only difference in chip fabrication necessary for the 

combination of TC-PS and PMMA is that thermal bonding has to be performed at 95°C due to 

the lower glass transition temperature of PS.  

 

In conclusion, we have developed a low-cost optically transparent polymeric chip with 

integrated perfusion microfluidics and thermoregulation for long-term cell culture under 



Publications and manuscripts – Paper 1 

- 147 - 

controlled conditions. The fabrication process, which is based on laser micromachining and 

thermal bonding, offers flexible design of the chip, providing numerous lab-on-a-chip 

integration possibilities in the future.  
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Tables 
 
Table I Material properties used in 2D finite element modeling of fluid and heat transfer 

within the cell culture chip. 

PMMA density 1180 kg/m3 

PMMA heat capacity 1500 J/(kg·K) 

PMMA thermal conductivity 0.18 W/(m·K) 

Buffer density 1007 kg/m3 

Buffer dynamic viscosity (37 ºC) 0.0007 N·s/m2 

Buffer heat capacity (37 ºC) 4000 J/(kg·K) 

Buffer thermal conductivity (37 ºC) 0.62 W/(m·K) 

Heat dissipation to ambient 20 W/(m2·K) 
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Figure legends 
 
Fig. 1. Construction of cell culture chip: (a) Schematic structure of the chip consisting of five 

transparent PMMA sheets. The uppermost layer serves as the chamber lid. The second layer 

defines the cell culture chamber, microfluidic channels, inlets for perfusion and cell seeding, 

as well as incorporates the temperature probe. The third layer separates the chamber from the 

heater, which consists of ITO-coated PET film integrated in the fourth layer. The fifth layer 

contains alignment grooves for electrodes to the heater and protects the heater from the 

environment. Each layer contains four alignment holes. (b) Layout of fabricated cell culture 

chip with the functional parts labeled. 

 

Fig. 2. FEMLAB modeling of the flow within the chamber. (A) Modeled flow when the 

perfusion media enters the chamber via the single aperture of the inlet and (B) results when 

the media enters via the multiple apertures of the equalization barriers. Velocity field intensity 

is indicated by a gray-scale color code. The arrows visualize flow direction and intensity. (C) 

For comparison, the flow velocity profiles two millimeters away from the cell chamber 

entrances (indicated by the straight gray lines) are plotted.  

 

Fig. 3. FEMLAB modeling of the heat distribution within cell culture chip. The modeling is 

performed in the two-dimensional space using top-view and side-view projections of the chip. 

Temperature is indicated by a gray-scale color code. The arrows show cell culture media flow 

direction and intensity.  

 

Fig. 4. Thermal performance of cell culture chip during one-week operation under 0.1 ml/h 

perfusion conditions. 
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Fig. 5 Cell growth kinetics in the cell culture chip. The time-lapse sequence of phase-contrast 

images shows initial cell attachment and spreading on the chamber bottom during the first 4 

hours, and the plot demonstrates growth of cell population during 120 hours of cell culturing 

in the chip.  



Publications and manuscripts – Paper 1 

- 153 - 

Figures 
 
a) 

     

1.

2.

3.

4.

5.
 

b) 

      
 
Fig.1 



Publications and manuscripts – Paper 1 

- 154 - 

a)   

b)   

c)

0

0.01

0.02

0.03

0.04

0.05

0 2 4 6 8 10 12 14
Position, mm

V
el

oc
ity

, m
m

/s

Single aperture
Equalization barrier

 
Fig.2 



Publications and manuscripts – Paper 1 

- 155 - 

 
 

 
Fig.3 



Publications and manuscripts – Paper 1 

- 156 - 

15

20

25

30

35

40

0 50 100 150
Time, h

T
em

pe
ra

tu
re

, °
C

0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5

V
ol

ta
ge

, V

Ambient temperature

Heater voltage 

Chamber temperature

 
 
Fig.4 



Publications and manuscripts – Paper 1 

- 157 - 

 

 
 

 

 
 

 

 

0

50

100

150

200

250

300

0 20 40 60 80 100 120 140
Time, h

C
el

l n
um

be
r

Lag phase

Exponential phase

 
 
Fig.5 
 



Publications and manuscripts – Paper 1 

- 158 - 

Supplementary Material 

 
 



Publications and manuscripts – Paper 1 

- 159 - 

 
 

 



Publications and manuscripts – Paper 2 

- 160 - 

Paper 2: A Biocompatible Micro Cell Culture Chamber (µCCC) for 

the Culturing and On-line Monitoring of Eukaryote Cells 

 

Michael Stangegaard1, Šarunas Petronis2, Anders Michael Jørgensen1,  Claus Bo Vöge 

Christensen3, Martin Dufva1* 

 

* Corresponding author.  

 

1Department of Micro and Nanotechnology, Technical University of Denmark, Ørsteds Plads 

345 east, DK-2800 Kgs. Lyngby, Denmark. Tel: +45 4525 6324; Fax: +45 4588 7762; E-

mail: mdu@mic.dtu.dk 

2 Dept. of Applied Physics, Fysikgården 4, Chalmers University of Technology, SE-412 96 

Göteborg, Sweden. 

3Coloplast, Holtedam 1, DK-3050 Humlebæk, Denmark. 

 

Keywords: Cell culturing, microfluidics, gene expression, polymer, time lapse microscopy, 

microfluidics 



Publications and manuscripts – Paper 2 

- 161 - 

Abstract 
It has previously been shown that a polymeric (PMMA) chip with medium perfusion and 

integrated heat regulation provides sufficiently precise heat regulation, pH control and 

medium exchange to support cell growth for weeks. However it was unclear how closely the 

cells cultured in the chip resembled the cells in the culture flask which was the goal of the 

chip design. Comparing gene expression profiles showed that there were only two genes that 

were expressed differently in cells grown in the cell culture chip compared to cell culture 

flasks. The polymeric cell culture chip could without further modification of the operation 

procedure support cell growth of two other cell lines. Furthermore, the chip could directly 

support cell growth from cryo-preserved cells indicating that fragile cells could be cultured in 

the micro culture chamber. The only external factor identified thus far that had negative effect 

on cell survival was if too much light was emitted from the microscope during culturing. 

These results strongly indicate that the chip could be designed and operated for on-line optical 

recoding of cellular events without affecting the cell culturing condition compared to cell 

culture flasks.   
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Introduction 
The ability to monitor cellular behavior in real time may enable new understandings of cell 

function or behavior. The main obstacle in imaging of cells is not to take the picture – but 

being able to take several continuous pictures of a few cells, without affecting culturing 

conditions 1. Observation time outside and incubator of conventional cell culturing in culture 

flasks is limited to 10 to 20 minutes if the temperature and pH of the cell culture is not to be 

affected. Microscopes with CO2 enriched stage environments are commercially available and 

can prolong the observation time outside the CO2 incubator or even replace the incubator in 

selected studies. However, the advances in microfabrication and polymer technologies and the 

opportunities offered in terms of design and fabrication of miniaturized cell culture systems 2 

has led to the development of several cell culture chambers. Some chambers focus on single 

cell observations over long periods of time 3-5. Another group of micro chambers holds a 

larger amount of cells and is used for the study of wound healing processes 6, cell-cell 

interactions 7, differentiation 8, myocyte synchronization 9, chemotaxis 10, electrical 

characterization 11,12, and cell stress levels 13. Other studies rely on arrays of interconnected 

cell culture chambers for online gene expression 14 or potential drug screening 15. More 

advanced chambers have interconnected chambers each holding different cell lines 

representing the different organs and their interconnective metabolism 16 and these cell culture 

systems are used for determining the toxicological and pharmacological profiles of chemicals 

and pharmaceuticals. Insight into intracellular event pose high requirement to the optical 

properties of the materials comprising the chamber(s) 17.  

 

Maintaining the desired culturing temperature within a narrow range of e.g. ± 0.1 ºC can be a 

challenge even for commercial CO2 incubators. Several of the above mentioned chambers 

relies on the conventional incubator to supply heat and CO2 for maintaining physiological pH  
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5,8,9,11,15,16 or a microscope with CO2 enriched stage environment 14. Alternatively the 

temperature of the microscope stage is regulated 7, or the chamber exterior is perfused with 

preheated medium 3,13, or a resistive heating coil is used to heat the chip 17. Most advanced is 

the use of indium tin oxide (ITO) coated glass to supply heat to the chamber bottom and 

heating of the chamber exterior walls 6,12 in response to an internal temperature sensor. 

Temperature sensors controlling heating located within the cell culturing chambers can 

compensate for day to day variances in temperature 18 which is important for long term 

studies. 

 

Minimizing the effect of the culturing environment on the cells requires the use of 

biocompatible surroundings. The term biocompatible surface refers to a surface devoid of 

both cytotoxic and positive effects in the sense of biofunctionality i.e. promotion or 

obstruction of biological processes compared to the reference surface 19,20. Bioincompatible 

surfaces such as SU-8 4, glass and silicon 12, silicon 13, poly lysine coated silicon 16, 

alkanethiol self-assembled monolayers 21, polyimide 22, plasma polymerized hexene 23, and 

bovine serum albumin (BSA) coated glass 24 have been rendered biocompatible by coating 

with fibronectin 16,21,22, poly-D-lysine and laminin 12, poly-L-lysine followed by O2 plasma 

treatment 4, poly-L-lysine 13, hydrophilic polymer materials 23 and special designed anchor 

molecule 24 to allow culturing of cells.  

 

It is desirable that the micro cell culture chamber provides environments for cell growth that 

are similar to those obtained in cell culture flask to be able to compare results obtained using 

the microchip with the results in the literature. However, there are systematic differences in 

the culturing conditions of microchips and conventional systems like, wide variations in 

temperature, volume, perfusion and shear forces. These differences can influence the quality 

of the data obtained from such biochips 25. Usually, biocompatibility is determined by 
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viability assays 4,10,16, morphology 17, and growth rate kinetic comparisons 8,26. These tools 

measure relatively large changes in cellular function. However, when cells sense differences 

in the environment one response would most likely an attempt to adapt to the new 

environment which may be reflected in the number and amounts of genes expressed 27. This 

may not affect cellular morphology as cells displaying similar morphology may show 

differences in expression patterns 28. Gene expression profiling using transcriptome DNA 

microarrays may provide a far better picture whether or not the cell culture chip provides 

comparable conditions to the reference system since gene expression profiling determines 

comprehensively the physiological state of the cell by measuring the levels of ~40,000 

different mRNA species in the cells. Gene expression profiling has for instance been used to 

classify cancers that otherwise is difficult to classify by morphology and other methods 29. In 

this report we show that it is possible to construct a polymeric microfluidic chip with 

integrated heater 18 which provides cell culturing conditions indistinguishable from cell 

culture flasks in terms of cell growth rate, morphology and gene expression pattern. 

 

 

Materials and Methods 
 

Fabrication of µCCC 
The individual layers of the µCCC were fabricated by laser ablation of polymethyl 

methacrylate (PMMA) sheets (type 99530 Röhm GmbH & Co. KG, Darmstadt, Germany) 

either 1.5 mm or 0.25 mm thick with a CO2 laser (Synrad Inc., Mukilteo, WA, USA) as else 

were described 30. The individual layers of the chamber were wiped with 96 % ethanol 

(Merck KGaA, Darmstadt, Germany) assembled and bonded between to glass bonding blocks 

(Gustav Sørensen & søn, Rødovre, Denmark) at 110 °C for 1 hour with a pressure of 100 

Ncm set with a 40-200 Ncm torque screwdriver (Lindstrom, Orange, CA, USA) in a 
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Memmert oven (Memmert, Schwabach, Germany). After bonding, the bonding blocks with 

µCCC were allowed to cool to room temperature before the pressure was gently released. 

Electrical connection to the Indium Tin Oxide (ITO) coated film (Sigma) was made with 

standard cupper wires and conductive epoxy based glue (Circuitworks, Chemtronics, 

Kennesaw, GA, USA). The resistance through the ITO-film was used as a measure of the 

connection quality. Only chambers with a resistance lower than 17 Ω were used. Inlet tubes 

were realized from blunt end 25-gauge stainless steel needles (Becton Dickinson, Drogheda, 

Ireland) that were divided in two by a metal saw and scratched on the surface for better 

attachment to the structure. Attachment to the structure was performed with epoxy glue (R&G 

GmbH, Waldenbuch, Germany).  

 

Electronics design, blueprints and Labview programming is described/available elsewhere 18. 

Cell culture in CO2 incubator 
Human carcinoma cells (HeLa) were cultured in 75 cm2 culture flasks (Easyflask, Nalge Nunc 

International Rochester, NY, USA) in 25 mL media (RPMI 1640 media (Sigma) 

supplemented with 10 % Fetal Bovine Serum (FBS) (Sigma), penicillin (100 U/mL) and 

streptomycin (100 µg/mL) (Sigma)) RPMI 1640 media (Sigma). Cell were cultured at 37 °C 

in an atmosphere containing 5 % CO2 (AGA, Copenhagen, Denmark) in a CO2 incubator 

(Assab, Don Whitley Scientific Ltd., Shipley, West Yorkshire, United Kingdom). Seeding of 

the cells was performed with a density of 6667 cells per cm2 and the cells were subcultured 

every three to four days when around 90 % confluence was reached. Sub-culturing was 

performed by trypsinisation (Sigma). Cell count was performed in a Bürker chamber (Paul 

Marienfeld GmbH & Co. KG, Lauda-Koenigshofen, Germany). 

Cells cultured in the µCCC 
Media (RPMI 1640 media (Sigma) supplemented with 10 % Fetal Bovine Serum (FBS) 

(Sigma), penicillin (100 U/ml) and streptomycin (100 µg/ml) (Sigma)) was brought to 37 °C 
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prior to loading in a 20 mL sterile syringe (Becton Dickinson) to minimize bubble formation. 

Continuous media perfusion was realized with a stepper pump (Harvard Apparatus 22, 

Holliston, MA, USA) and a perfusion rate of 0.1 mL/h (1.67 µL/min). 

 

Cells were cultured on a microscope stage of a standard phase contrast microscope (Nikon 

model Alphashot 2 YS2, Nikon Corporation, Tokyo, Japan). The cells were injected through a 

blunt end 25-gauge needle (Becton Dickinson) attached to a 1 mL syringe (Becton 

Dickinson).  Cells were seeded in a density of 10 to 100 cells visible in the microscope 

(Nikon Cybershot E990) viewed at 10 x magnification by manually adjusting the seeding 

volume.  

 

RNA isolation and amplification 
Total RNA was isolated by RNeasy (Qiagen, Valencia, CA, USA). Total RNA was quantified 

in an Ultraspec 3000 spectrophotometer (Pharmacia Biotech, Cambridge, England) and the 

RNA integrity was validated by capillary electrophoresis (Agilent 2100 Bioanalyzer, Agilent 

Technologies, Palo Alto, CA, USA). Amplification was performed with the Riboamp T7-

based RNA amplification kit (Arcturus Engineering, Mountain View, CA, USA) according to 

the manufacturer’s instructions using 2 µg total RNA as starting material yielding 35-40 µg 

aRNA after one round of amplification. 2-3 µg of aRNA was used in each labeling reactions. 

 

cDNA synthesis 
The cDNA was synthesised as described elsewhere 31, with modifications described below. In 

brief: each reaction was primed with 3.35 nmol random 15-mer primers (Sigma-Genosys, 

Haverhill, UK) as described in 32 in 18.5 µL reactions by heating at 70 °C for 10 minutes, 

snap cooling on ice for at least one minute and incubating at room temperature for 2-5 

minutes. Reverse transcription of the RNA was performed in the presence of 500 µM of each 
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of dATP, dCTP, and dGTP, 300 µM dTTP (Larova Biochemie GMBH, Teltow, Germany), 

200 µM 5-aminoallyl-dUTP (Sigma), 40 U RNasin (Promega, Mannheim, Germany), 1x first-

strand buffer (Life Technologies), 10 mM dithiothreitol (DTT) (Life Technologies), and 400 

U Superscript II (Life Technologies) in 31 µL reactions at 42 °C for 5 hours. Reactions were 

quenched by addition of 10 µL of 0.5 M EDTA (Sigma) and RNA hydrolyzed by the addition 

of 10 µL of 1 M NaOH followed by heating at 65 °C for 15 min. Neutralization was 

performed by addition of 10 µL 1M HCl, and cDNA was purified on QIAquick columns 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions but substituting 

phosphate wash buffer (5 mM potassium phosphate pH 8.0, 80% ethanol) for buffer PE, and 

phosphate elution buffer (4 mM potassium phosphate pH 8.5) for buffer EB. 

  

cDNA was lyophilized to dryness and resuspended in 4.5 µL of 0.1 M sodium carbonate pH 

9.0 buffer. NHS ester (4.5 µL) of Cy-3 or Cy-5 dye (Amersham Biosciences, Piscataway, NJ, 

USA) in dimethyl sulfoxide (DMSO) (dye from one tube was dissolved in 73 µl of DMSO) 

were added and reactions were incubated at room temperature in the dark for 1 h. Coupling 

reactions were quenched by the addition of 35 µL of 0.1 M sodium acetate pH = 5.2, and 

unincorporated dye was removed using QIAquick columns according to the manufacturer’s 

instructions. Labeling efficiency was determined by analyzing the whole undiluted sample in 

a spectrophotometer using a 50-µL micro-cuvette (Beckman). 

 

Microarray hybridization 
Slides pre-spotted with 44,290 60-mers oligos directed against the human genome were 

obtained (Agilent Technologies, Palo Alto, CA, USA). Hybridization of cDNA to microarrays 

was performed according to supplier’s instructions. In brief, 200 pmol Cy-5 labeled cDNA 

was mixed with 200 pmol Cy-3 labeled cDNA in 200 µL milliQ water and denatured at 98 °C 

for 3 minutes followed by incubation at room temperature for 2-3 minutes and addition of 50 
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µL 10x control (Agilent) and 250 µL 2x hybridization buffer (Agilent). 490 µL was applied to 

a gasket slide (Agilent) in a hybridization chamber (Agilent). The hybridization chamber was 

mounted on a rotation device and placed in a Hybaid Shake 'n' Stack hybridization oven 

(Thermo Electron Corporation, San Diego, CA, USA) for 17 hours at 60 °C with the lowest 

rotation setting (~ 4 rpm). 

 

Following hybridization the gasket slide was removed while the slides were submerged in 

washing solution 1 (6 x SSC (AppliChem, Darmstadt, Germany), 0.005 % Triton-X-102 

(Agilent)) and the slides were washed for 10 minutes at room temperature (RT) in washing 

solution 1 followed by 5 minutes in wash solution 2 (0.1 x SSC (AppliChem), 0.005 % 

Triton-X-102 (Agilent)) at 4 °C in an in-house fabricated microarray washing station. The 

slides were dried by centrifugation. Scanning and quantification was performed in an 

ArrayWoRx microarray scanner (Applied Precision, Issaquah, WA, USA).The data was 

normalized using the non-linear method Qspline 33 and further processed in Excel. 

 

Spectral analysis 
The spectrum of the light emitted by the microscope halogen lamp was measured using an 

AvaSpec2048 spectrometer (Avantes, Netherlands). The spectrometer was connected to a 

stepindex optical fiber with a core diameter of 50 µm and a numerical aperture of 0.22. This 

fiber was mounted on the microscope fixture and aligned with the collimated illumination 

light. The spectrum was measured both in the dark and for several settings of the microscope 

light intensity using integration times between 2 and 20 ms. The measurements were scaled to 

an integration time of 20 ms and the dark spectrum was subtracted. Each measurement was 

obtained ten times and the plotted values are average values of these measurements.  
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Results and discussion 
The intension of this work was to clarify if a micro cell culture chamber previously described 

18 was capable of sustaining culturing of eukaryote cell with on-line monitoring under 

conditions as similar to the reference cell culture flask in the CO2 incubator. We have 

previously shown that the temperature regulation is precise (37±0.2 °C) and heat and fresh 

medium is distributed relatively evenly within the chip during perfusion. Perfusion as a 

method for controlling pH was found to circumvent the need for CO2 buffering. 18.  

 

Light effect 
Initial observations indicated that cell death occurred within 48 hours when the power of the 

microscope lamp used for monitoring cell growth in the µCCC was set above a certain 

threshold (data not shown). Photo toxic effects have previously been observed when exposing 

cells to light with wavelengths below 540 nm 34. Spectral analysis of the light reaching the 

cells through the microchip showed that the cells grown in the µCCC were exposed to 

significant amounts of light with wavelengths below 540 nm if the power setting of the 

microscope light was set at one third or above (Figure 1). Extensive cell death was observed 

when cell were grown with the microscope light set to medium power. Possible effects of sun 

light as well as ceiling light were minimized by darkening the room during culturing. There 

was little amount of amount of light with wavelength below 540 nm reaching the cells when 

the power of the microscope lamp was reduced to the minimal setting (Figure 1 C). No 

significant cell death was observed using this light condition and cells could routinely be 

cultured for weeks. In conclusion, the results showed that light was inducing cell death. The 

mechanism is not clear but phototoxic effects of visible light results from photodecomposition 

of riboflavin/vitamin B2 35, tyrosine 36 and tryptophan 37 and the generation of 1O2 and ·OH 35-

38. Free radicals released due to photodecomposition of media components can induce serious 

cell damage and fibrogenesis as reviewed in 39. Many of the photoeffects may be eliminated 

by addition of anti-oxidants 35, indicating it to be advisable to add anti-oxidants to the medium 
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if strong light sources are needed for an assay. Alternatively a system could be used that only 

expose cells to light during photographic recordings. Although we only have used white light 

microscopy, similar problems could occur using monocromatic light used for fluorescent 

assays.  

 

Cell growth rate in µCCC  
As the µCCC relies on constant perfusion of fresh media one possible effect could be a 

decrease in growth kinetics due to enhanced dilution of cellular secreted growth stimulating 

factors. Conversely this effect may be counter balanced by the simultaneous dilution of 

growth inhibiting waste products. To determine if the µCCC gave rise to altered growth 

kinetics relative to the culture flask HeLa cells were cultured in three different µCCCs for 

more than 100 hours. Cell counts at representative time intervals were obtained by manual 

counting. For comparison cells seeded in two reference culture flasks were inspected every 24 

hours and three to four representative images were obtained at each inspection. The doubling 

times of HeLa cells cultured in the µCCC were between 32.6 and 37.9 hours while cells in the 

control flasks averaged to 32.0 hours indicating slightly reduced growth in some culture 

experiments and comparable growth kinetics in others (Figure 2).  

 

The generality of the µCCC for supporting cell growth was tested by culturing COLO 205 a 

colorectal adenocarcinoma cell line and CACO 2 cells (Caucasian colon adenocarcinoma cell 

line). CACO 2 was cultured for more than 110 hours (Figure 3) with a doubling time of 29.7 

± 2.5 hours (Figure 4). This is in accordance with figures reported in the literature 40,41 where 

doubling times between 24 and 34 hours were observed. This indicated that culturing of 

CACO 2 cells in the µCCC does not significantly influence the doubling time. A mpg movie 

of the culturing is provided as supplementary information (SUPPLEMENTARY MOVIE 1). 

COLO 205 cells behaved differently from CACO 2 cells in the culture. COLO 205 cells 



Publications and manuscripts – Paper 2 

- 171 - 

reached confluence after 50 hours culturing but the proliferation continued until the culture 

experiment was stopped 115 hours post seeding (Fig 4). COLO 205 cells were extremely 

mobile and seemed to aggregate during cell culturing making it difficult to estimate cell 

division rate since accumulation of cells could be partly due to cell division and partly due to 

cell migration (SUPPLEMENTARY MOVIE 2). The majority of cells migrated from the 

upper left corner to the lower right corner indicating a preference for cell migration. However 

cells were also seen to migrate in the opposite direction indicating a directed movement 

governed by chemotaxis. These observations of COLO 205 cells correlated well with the cell 

line being derived from a tumor that form metastasis, a trait which usually requires cell 

mobility.  

 

Resuscitation in the µCCC 
Cells are extremely fragile and sensitive to shear stress during resuscitation. To evaluate if the 

µCCC was capable of resuscitating cells without subjecting them to lethal stress, cells were 

taken directly from the –80 ºC freezer, gently brought to room temperature and seeded in the 

µCCC. Relying on continuous perfusion resulted in the dilution of the cryo-protective agent 

(DMSO) to non-cytotoxic levels (supplementary FIGURE 1 + SUPL MOVIE 3). The 

generation time was found to be 45 hours indicating a slower growth rate than HeLa cells 

following a few passages. The results showed that the µCCC sustained resuscitation of HeLa 

cells indicating that also fragile cells could be cultured in the cell culture chamber.  

 

 

Whole genome expression profiling of cells grown in the µCCC 
The gene expression profile of HeLa cells growing in the µCCC was compared to the gene 

expression profile of HeLa cells growth in cell culture flasks. Total RNA was extracted from 

three separate culture experiments each lasting more than 100 hours (Figure 2 C culture A-C) 
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and amplified using a T7 based amplification technique. Whole genome expression profiles 

were generated in three replicates utilizing DNA microarrays with 60 nt long oligo probes 

directed against the entire human transcriptome (44,290 probes in total). Genes regulated 

more than three fold were considered significant. Scatter plots of the resulting hybridization 

intensities (Figure 5 A-C) indicated that some transcripts were more than three fold regulated. 

However, only two genes differed significantly in expression in all three experiments 

indicating a substantial noise in gene expression analysis that could be due to subtle biological 

variances between each culture or inherent variances in the microarray assay (Figure 5D and 

Table 1). Ataxin 10 (Atx-10) has previously been reported to essential for the survival of 

cerebella neurons 42. The significance of Atx-10 in µCCC cultured being down regulated in 

HeLa cells cultured in µCCC is at present unclear. Blast searches performed on the probe 

sequences failed to reveal further insight regarding the biological functions of the 

significantly regulated transcripts. The results strongly indicated that the cells grown in the 

µCCC are biologically comparable to cells grown in cell culture flask.  

 

The goal was to construct a chip for optical on-line monitoring of cell behavior and in the 

process eliminated factors that affected cell growth and function. As the movies of the cells 

clearly indicated such a chip is very useful for studying dynamic events of cells. It is however 

very important that the cells grown in the chambers are as similar as possible as cells grown in 

the reference systems to be able to compare data or to use cell grown in the µCCC as models. 

The almost identical gene expression profile in cells grown on in the µCCC as compared with 

cells grown in the cell culture flask strongly indicate that there is little if any difference 

between the two culturing conditions and the cells in the two systems could thus be directly 

compared. To our knowledge this is the first cell culture chip for mammalian cells that has 

been validated down to the transcriptome level of the cultured cells. In contrast, in many 

microfluidic cell culture chamber designs, biocompatibility of cells in the chamber was either 
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not considered or presented 5-7,9,11,13-15. Other chambers were evaluated using viability assays 

4,10,16 or morphological observations and growth kinetics 8,17. Such assays are not as sensitive 

as whole genome expression profiling, since the latter has the potential to find subtle changes 

not detected by cell growth kinetics or morphology studies. Gene expression profiling has 

been achieved on a single cell 28,43 enabling comparability verification to be performed on 

virtually all cell culture devices provided that the cell or cell RNA can be extracted.  

 

Conclusion 
A micro cell culture chamber was characterized by cell culturing of various cell lines and 

gene expression profiling. All tested cell lines could be cultured in the chamber with similar 

growth rate as cells grown in cell culture flasks. Cells cultured in the chamber revealed almost 

indistinguishable gene expression profile to the reference cell culture flask. No signs of photo 

induced effects, activation of DNA repair systems or shear stress was observed using whole 

human genome DNA microarrays. This suggests that the µCCC supports the culturing and on-

line monitoring of mammalian cells under conditions indistinguishable from the reference cell 

culture flask in the CO2 incubator. 
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Figure Legends 
 

Figure 1: Light spectra obtained at different intensity settings. Each measurement was 

obtained ten times and the plotted values are average values of these measurements. All 

values were corrected for background by subtracting measurements obtained in complete 

darkness. (A) Spectra recorded with the half the possible light intensity. (B) Spectra with the 

one third of the possible light intensity. (C) Spectra obtained with minimal light intensity. The 

black vertical line indicates 540 nm. 

 

Figure 2: Growth kinetics of HeLa cells. Three long term culturing experiments were 

performed in the µCCC. Cell counts at selected time intervals were obtained and compared to 

cell counts from the culture flask.. All cell counts were plotted and fitted with an exponential 

regression indicated with the line. The error bars on the cell counts from the culture flask 

represent the standard error of the mean (SEM). The doubling times for the control flask was 

32.0 h, while doubling times of the three µCCC were 37.9 h, 36.7 h and 32.6 h respectively as 

derived from the slopes of the fitted lines. 

 

Figure 3: Culturing of CACO 2 cells in the µCCC. Cell counts were performed at selected 

time intervals and plotted. Following roughly 40 hours of lag time ( ) exponential growth ( ) 

commenced. The data was fitted to an exponential regression line (R2 = 0.9926). During 

exponential growth the doubling time was 29.7 ± 2.5 hours. 

 

Figure 4: Culturing of COLO 205 cells in the µCCC. Cell counts were performed at 

selected time intervals and plotted. An exponential regression line (R2 = 0.9837) was fitted 

through the points. Ignoring accumulation of cells due to migration, the doubling time was 

estimated to be 15 hours. 
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Figure 5. Comparison of gene expression profiles of cells grown in the µCCC with cells 

grown in culture flasks. Normalized scatter plots of gene expression profiles were obtained 

from three independent culture experiments in the µCCC and the culture flask. In two of the 

experiments the cDNA deriving from cells grown in µCCC was labeled with Cy-5 and the 

cDNA deriving from the cell grown in control flasks with Cy-3 (A and C). In order to avoid 

systematic errors due to the respective dye, the order or colors was reversed in one experiment 

(B). (D) Venn diagram of the three independent experiments. Each array is depicted as a 

circle enclosing the number representing more than three fold regulated genes (up and down) 

relative to the culture flask. The number of genes similarly regulated on more than one array 

was placed in the overlapping region of the corresponding circle(s). 

 

Supplementary Figure 1: Resuscitation of HeLa cells in the µCCC. Cells counts were 

performed at selected time intervals and plotted. The points from 20h could be fitted to an 

exponential function (R2=0.9946) corresponding to a growth rate of approximately 45h.  
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Tables 
Table 1: The two genes regulated more than three fold on all three arrays. The average 

fold change was computed as the average of the intensities derived from µCCC cultured cells 

divided by the control flask cultured cells. The P-values were computed based on t-test 

statistics. 

Table 1:  

 

Probe name Gene Name Average fold change P-Value 

A_32_P162760 BI003432 (ATXN10: Ataxin 10) 0.25 2.28E-05 

A_23_P141785 A_23_P141785 5.02 0.0422 
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Figure 4: 
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Supplementary Figure 1:  
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Abstract  

Biocompatibility of a surface is usually determined by measuring contact angle, cellular 

growth rate, cell toxicity and cell morphology. Here we study the effects of different surface 

treatments on gene expression using transcriptome DNA microarrays and introduces the 

concept of bio-comparability, which is defined as degree of similarity in gene expression 

profile between cell grown on two different surfaces. Biocompatibility and bio-comparability 

was investigated on cell grown on the epoxy-based photoresist SU-8. The surface property of 

SU-8 was modulated by a two-step chemical process where SU-8 surface treated with HNO3-

CAN and ethanolamine and the resulting surface showed no differences in growth rate or 

gene expression profiles in HeLa cells as compared with HeLa cells grown in cell culture 

flasks. Cells grown on SU-8 treated with only HNO3-CAN showed almost the same growth 

rate (36±0.9 days) and similar morphology as cells grown in cell culture flask (32±0.2 days) 

indicating good biocompatibility. However, more than 200 genes showed different gene 

expression cells grown on SU-8 treated with HNO3-CAN suggesting limited bio-

comparability to cells grown in cell culture flasks. It should be noted that no correlation was 

found between surface hydrophobicity and biocompatibility or bio-comparability.  
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Introduction 
Polymeric material (polymethylmethacrylate (PMMA)) has been used since 1960:th in 

orthopedic surgery 1. More recently, polymer materials has been used in micro total analysis 

systems (µTAS) for cell biology research 2. Culturing cells in vitro requires biocompatible 

surfaces 3 which refers to an object or surface devoid of both cytotoxic and positive effects in 

the sense of biofunctionality i.e. promotion or obstruction of biological processes compared to 

the reference surface 4,5. Surfaces can be rendered biocompatible for tissue and cell culturing 

studies by coating with fibronectin 6-8, hydrophilic polymer materials 9, or O2 plasma 

treatment 10. However, those coatings may be laborious, expensive, and unstable over time.  

 

Cytotoxicity determination is an important aspect in biomaterial testing standards such as 

International Organization for Standardization (ISO) and American Society for Testing and 

Materials (ASTM). However, the absence of cytotoxicity e.g. measured by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) test 11 or fluorescent 

membrane integrity test (FMIT) 12 does not imply that a biomaterial is biocompatible. For 

each application test, has to be conducted in settings reflecting the natural environment and 

the demands posed on the application to elucidate the biocompatibility of the biomaterial. The 

biocompatibility of a material has been related to cellular functions like adhesion 12-14 and 

spreading 15 on the surface, proliferation rate 14, metabolic activity 14, surface inhomogenicity 

and moderate wettability 16. However, decreasing wettability may not represent increasing 

biocompatibility 17,18.  

 

Gene expression profiling using DNA microarrays has been widely used in the past 10 years 

to unravel molecular event of cell cycle regulation 19,20, response to growth factors 21 and 

cellular responses to irradiation 22. DNA microarray are used as cancer classifiers 23-25  since it 

is strongly likely that the gene expression profile differs in cancer cells compared to the 

normal counterpart. The DNA microarrays used usually consist of DNA (probes) 

complementary to about 40,000 genes or possible genes. In one batch process the expression 

level of these 40,000 genes in a cell can be monitored and compared to a reference cell. 

Culturing cells on a surface that are not biocompatible will most likely induce changes in the 

mRNA expression profile in a cell. This was apparent when studying changes in gene-

expression in MG63 osteoblast-like cells grown on zirconium oxide 26 where genes involved 

in the immunity, cell cycle, and vesicular transport was found differently regulated.  
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In this report we compare different methods to determine biocompatibility like contact angle 

measurements and mammalian cell culturing including morphology, growth kinetics and 

whole genome expression profiling. The biocompatibility methods were tested using cells 

grown on modified and unmodified SU-8 as well as unmodified PMMA.  

 

Materials and Methods 

Preparation of modified SU-8 surface 
A 5 µm thin layer of SU-8 XP2005 negative photoresist (Microchem, Switzerland) was spin-

coated on a 4” 500 µm thick Pyrex wafer (Schott corporation, Germany). The SU-8 layer was 

fully cross-linked by UV flood exposure and a post bake processes. The SU-8 surface was 

modified by incubation with 1 M nitric acid (Fluka, Germany), catalyzed by 0.1 M Ceric 

ammonium nitrate (CAN, (NH4)2Ce(NO3)6) (Sigma, U.S.A.) at 50 °C for 1 hour and 

subsequently washed with MilliQ water. The material samples were dried and, optionally, 

treated with 0.1 M ethanolamine (Fluka, Germany) in 0.1 M sodium phosphate (Sigma, 

U.S.A.) buffer (pH 9.0) for 20 minutes at 50 °C. Finally, the material samples were washed 

MilliQ water and dried. 

 

Water contact angle measurements 
Contact angles between the different surfaces and MilliQ water was measured by DSA 10 

MK2 (Krüss GMBH, Germany). 

 

Patterning on SU-8 surface  
A two-step photolithography process was established to create the hydrophilic SU-8 patterns 

on the SU-8 surface for the cell patterning experiments. A 1.5 µm thick AZ5214e photoresist 

(Honeywell, U.S.A.) film was created on fully developed 5 µm thick SU-8 layers by spin 

coating. A shadow mask was applied to define the patterns created by standard light 

lithography. Then the whole wafer was dipped into the HNO3-CAN solution for the first step 

surface treatment. After the HNO3-CAN surface treatment, the AZ5214e photoresist shadow 

mask was lifted off in acetone (Fluka, Germany) utilizing 4 minutes ultrasonic agitation. 

Finally, the whole wafer was dipped into the ethanolamine solution to finish the second step 

surface treatment. Thus on the SU-8 surface, patterned areas were rendered to own 

hydrophilic characters for cell patterning and the rest areas kept original hydrophobic 

characters. 



Publications and manuscripts – Paper 3 

- 189 - 

 

Cell culture 
Human carcinoma cells (HeLa) were cultured in 75 cm2 culture flasks (Easyflask, Nalge Nunc 

International Rochester, U.S.A.) in 25 mL media (RPMI 1640 media (Sigma, U.S.A.) 

supplemented with 10 % Fetal Bovine Serum (FBS) (Sigma, U.S.A.), penicillin (100 U/mL) 

and streptomycin (100 µg/mL) (Sigma, U.S.A.)). Cells were cultured at 37 °C in an 

atmosphere containing 5 % CO2 in a CO2 incubator. Seeding of the cells was performed with 

a density of 6667 cells per cm2 and the cells were passaged every three to four days when 

around 90 % confluence was reached by trypsinization. 

  

Target cDNA preparation 
Total RNA was isolated by RNeasy (Qiagen, U.S.A.). Quantification of total RNA was 

performed using an Ultraspec 3000 spectrophotometer (Pharmacia Biotech, U.K.) and 

validation of RNA quality was performed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, U.S.A.). Amplification was performed with the Riboamp T7-based RNA 

amplification kit (Arcturus Engineering, U.S.A.) according to the manufacturer’s instructions 

using 2 µg total RNA as starting material yielding 35-40 µg amplified RNA (aRNA) after one 

round of amplification. Synthesis of cDNA was performed as described elsewhere 27, solely 

using random nonamers priming. 

  

Microarray hybridization 
Slides containing 44,290 60 nt long oligos directed against the human genome were obtained 

(Agilent Technologies, U.S.A.). Hybridization was performed according to supplier’s 

instructions. In brief 200 pmol of each of the differently Cy-labeled cDNA in 200 µL were 

denatured at 98 °C for 3 minutes followed by incubation at room temperature for 2-3 minutes 

and addition of 50 µL 10 x control (Agilent Technologies, U.S.A.) and 250 µL 2 x 

hybridization buffer (Agilent Technologies, U.S.A.). 490 µL was applied to a gasket slide 

(Agilent Technologies, U.S.A.) in a hybridization chamber (Agilent Technologies, U.S.A.) 

and the oligo containing slide was placed on top deliberately forming one bubble. The 

hybridization chamber was mounted on a rotation device and placed in a Hybaid Shake 'n' 

Stack hybridization oven (Thermo Electron Corporation, U.S.A.) for 17 hours at 60 °C with 

the lowest rotation setting (~ 4 rpm) ensuring continuous mixing of the hybridization solution 

by the trapped air-bubble. 
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Following hybridization the gasket slide was removed while the slides were submerged in 

washing solution 1 (6 x SSC (AppliChem, Germany), 0.005 % Triton-X-102 (Agilent 

Technologies, U.S.A.)) and the slides were washed for 10 minutes at room temperature in 

washing solution 1 followed by 5 minutes in wash solution 2 (0.1 x SSC (AppliChem, 

Germany), 0.005 % Triton-X-102 (Agilent Technologies, U.S.A.)) at 4 °C in an in-house 

fabricated microarray washing station. The slides were dried by centrifugation followed by 

scanning and quantification performed in an ArrayWoRx microarray scanner (Applied 

Precision, USA). 

 

Data analysis 
The data was normalized using the non-linear method Qspline 28 included in the affy package 

version 1.6.7 29 in Bioconductor version 1.6 30 run under R version 2.1.1 31. Scatter plots were 

constructed using log2 values of the data. Genes residing above the upper or lower line are 

more than three fold down or up regulated respectively. The central line is the median. 

  

Results and discussion 

Surface modifications 
Since SU-8 and PMMA are popular material for building microfluidics structure in 32,33, these 

were evaluated in biocompatibility tests and compared to polystyrene (PS) cell culturing 

flasks. SU-8 as well as PMMA are highly hydrophobic suggesting that they may be less 

suitable for cell growth. Therefore, a method was developed to modulate the hydrophobicity 

of SU-8. A simple two-step chemical surface treatment resulted in a hydrophilic SU-8 surface. 

The assumed chemical reaction mechanism of the protocol is shown in Fig. 1. The HNO3-

CAN treatment opens the SU-8 epoxy groups and converts them into nitro groups 34. This 

surface was subsequently be modified with ethanolamine 35 (Fig. 1).  

  

The water contact angle was measured on the differently modified SU-8 surfaces, PMMA and 

PS cell culturing flasks. Treatment of SU-8 with HNO3-CAN decreased the contact angle 

from 95 ° to 45 ° (Fig. 2). The surface of SU-8 treated with HNO3-CAN was chemically 

stable. It tolerated acetone ultrasonic agitation lift off process of photoresist. The contact 

angle of SU-8 could be decreased to 25 ° by treating SU-8 first with HNO3-CAN and a then 

with ethanol amine. Ethanolamine had no effect on the contact angle without the initial 

HNO3-CAN treatment. The contact angle of SU-8 treated with HNO3-CAN and ethanolamine 

changed to 50° after storage at room temperature for two months. In comparison, the contact 
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angle of a PMMA sheet was 85 ° and the PS cell culturing flask was 56 ° (Fig. 2). These two 

surfaces were served as control surfaces for the study of the differently treated SU-8 surfaces. 

As contact angles measured on a dry surface hardly reflects the environment encountered by 

the cells during culturing, the different surfaces were immersed in cell culture media and 

incubated for 24 hours under cell culturing conditions. After drying under a gentle stream of 

N2, all surfaces had a contact angle with water which was less than 15 ° (Fig. 2). The 

reduction of the contact angle to approximately 15 ° is most likely caused by adsorption of 

proteins to the respective surfaces. Protein binding has indirectly been observed on untreated 

PMMA and SU-8 as PCR microchips made in SU-8 and PMMA requires at least two fold 

more enzyme to sustain PCR reactions 36. Furthermore, both SU-8 and PMMA can directly 

form covalent bonds with single stranded DNA amino modified DNA 37 indicating that these 

surfaces are reactive to various biomolecules.  

 

Morphology and growth kinetics 
The five different surfaces (Fig. 2) were tested for biocompatibility by comparing cell 

morphology and growth characteristics. HeLa cells were seeded on the different surfaces and 

the cell density was determined throughout a four day period. Untreated SU-8 had a very low 

generation time of 147 ± 56 hours indicating an unusual slow growth compared to the 

reference cell culture flask that had a doubling time of 32 ± 0.9 hours (Fig. 3). The images 

shows that the few cells attaching to untreated SU-8 were elongated compared to cells grown 

in the culture flask. Very few dividing cells were observed on untreated SU-8. Treatment of 

SU-8 with HNO3-CAN resulted in a surface that supported HeLa cell growth with a 

generation time of 36 ± 0.7 hours (Fig. 3). By contrast, SU-8 surfaces treated with HNO3-

CAN and ethanolamine sustained cell growth rates that was indistinguishable from cell 

growth rate observed in cell culturing flask. Both surfaces resulted in cell doubling time of 

approximately 32 hours. The morphologies of cells cultured on the SU-8 treated with HNO3-

CAN surface closely resembled the morphology of cells cultured on SU-8 treated with HNO3-

CAN and ethanolamine surface and the culture flask surface (supplement figure 1). Similar to 

cells growth on SU-8 treated with HNO3-CAN and ethanol amine, cells grown on PMMA 

showed no differences in morphology or growth rate compared to cells grown in cell culture 

flasks. These results showed that the growth rate did not correlate with the hydrophobicity of 

the investigated surfaces. PMMA had for instance higher initial hydrophobicity than SU-8 

treated with HNO3-CAN and ethanolamine (Fig. 2). Incubation the surfaces with cell 

culturing medium showed that all surface had similar hydrophobicity (15 °C) suggesting that 

all surfaces should sustain growth with similar efficiency which was not observed.  
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Suspecting that soluble or diffusible factors might be responsible for the different growth 

kinetics as well as the differences in morphology observed, differently shaped patterns were 

created on the SU-8 surface by masking the SU-8 surface prior to treatment with HNO3-CAN 

and ethanolamine. The cells avoided areas that have not been exposed to HNO3-CAN and 

ethanolamine. Two or three cells was observed in 50 µm × 50 µm patterned squares while no 

or few cells was observed on adjacent untreated surfaces (Fig. 4A). After cell division, cells 

on the patterned areas decreased in either size or attachment area rather than colonizing 

untreated SU-8. By contrast, on the 5 µm wide concentric circles, the cells appeared elongated 

and convex rather than round indicating that the cells actively avoided the untreated SU-8 

surface (Fig. 4B). Taken together these results demonstrates that SU-8 can be patterned with 

defined areas that sustain cell growth using the suggested novel method and that diffusible 

factors/effectors are not causing the lack of growth on untreated SU-8 since cells separated by 

one or two µm displayed different morphologies and growth rates.  

 

Whole genome expression profile comparison  
The gene expression profiles of cells cultured on the five different surfaces were compared. 

Whole genome expression profiles were generated on DNA microarrays carrying 60 nt long 

oligo probes directed against the entire human transcriptome (44290 probes in total). Scatter 

plots of the resulting hybridization intensities (Fig. 5 C-D) indicated that cells grown on 

untreated SU-8 and HNO3-CAN treated SU-8 had significantly different gene expression 

profiles compared to cells grown in cell culture flasks (Fig. 5 A-B). 31 genes were found up-

regulated in cells cultured on untreated SU-8 (Fig. 5 H) while 13 were down regulated (Fig. 5 

I). Of the 31 up-regulated genes, 25 were also up-regulated in cells cultured on HNO3-CAN 

treated SU-8 while 12 of the 13 down regulated genes were also down regulated in cells 

growth on SU-8 treated with HNO3-CAN. An additional 41 genes were also more than three 

fold up-regulated and 146 were down regulated in cells cultured on SU-8 treated with HNO3-

CAN compared to cell growth in the culture flask. All the regulated genes are found in 

supplementary table 1. By contrast cells cultured on SU-8 treated with HNO3-CAN and 

ethanolamine resulted in gene expression profiles undistinguishable from the cell culture flask 

since no genes in cells cultured on SU-8 treated with HNO3-CAN and ethanolamine was 

found more than three fold up or down regulated. (Fig. 5 E). As a measure of noise in the 

gene expression profile experiment two self-self hybridizations were performed (Fig. 5A). 

Using a conservative three fold change as cut off, no genes were found either to be up or 

down regulated indicating that the found differences are significant and not random noise. 
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Similar to cells growth on SU-8 treated with HNO3-CAN and ethanol amine, cells grown on 

PMMA showed no changes in gene expression compared to cells grown in cell culture flasks.  

 

It is desired that cellular effect toward foreign surfaces should be minimal or preferably none. 

In case of implants, changes in cellular gene expression can result in cells that respond 

different to stimuli than normal cells which could for instance lead to cancer. In in vitro 

systems it is desirable to find environment that reflect the in vivo situation. The in vitro 

cultured cells should be functionally comparable to the corresponding cells grown in vivo. 

Here we show that a surface can be biocompatible meaning that it sustains cell attachment and 

cell growth but not bio-comparable in terms of gene expression compared to cells grown on a 

reference surface. Thus we argue for a distinction between biocompatible and bio-comparable 

surfaces. Without doubt, the cells grown on SU-8 treated only with HNO3-CAN had similar 

morphology and almost equal grown rate as cells grown on PMMA, cell culture flask plastic 

and SU-8 treated with HNO3-CAN and ethanol amine. Based on growth rate and morphology 

it is therefore difficult to rule out SU-8 treated with only HNO3-CAN as a biocompatible 

surface. Gene expression profiling though, strongly shows that SU-8 treated with only HNO3-

CAN  results in surfaces that affects cell so much so they are not comparable to cells grown 

on PMMA, cell culture flask plastic and SU-8 treated with HNO3-CAN  and ethanol amine. 

By contrast cells grown on the three latter surfaces are very difficult to distinguish from each 

other terms of growth rate, morphology and gene expression profiles. Thus these three 

surfaces are bio-comparable to each other. It is possible that dissimilarities on the protein 

level could exist in cells growth on the three bio-comparable surfaces (PMMA, cell culture 

flask plastic and SU-8 treated with HNO3-CAN and ethanol amine) which is not directly 

measured using DNA microarrays indicating that protein microarray may be better choice for 

analyzing bio-comparability in the future. Such protein microarray may also detect secondary 

modifications on proteins induced by surfaces. Protein arrays are however less comprehensive 

than DNA microarrays 38 making protein arrays less ideal at the moment.  

 

For successful attachment of cells to the surfaces, focal adhesion complex need to bind to the 

surface and thereby will exert rather large forces on the surface 39. This poses requirements to 

both the surface roughness, topography, conformational flexibility, hydrophobicity 

(wettability) as well as the molecular environment in terms of chemical structures, functional 

groups and density of surface charges on the surface 5. It has previously been speculated that a 

hydrophilic surface was important for cellular attachment 40 although other reports that 

hydrophobic surfaces yield better biocompatibility 41. Our results showed no correlation 
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between contact angle of the dry material samples and the gene expression profile or growth 

patterns obtained from cells grown on them. It is noteworthy that preincubation the material 

samples with cell culture medium supplemented with FBS resulted in contact angels of 15 ° 

suggesting that the surface the cells “see” is hydrophilic and if there was a correlation 

between hydrophobicity and biocompatibility all surfaces would results in similar growth 

pattern and gene expression profiles which is not observed (Fig. 3-5). The observed 

differences on cells grown on untreated SU-8 and SU-8 treated with HNO3-CAN must 

therefore be accounted for by difference in molecular composition of the different surfaces. 

Differences in growth characteristics and gene expression profiles may arise from the 

different chemical functional groups on the surfaces or differences in surface charge densities 
5. Adsorption of proteins to surfaces is a complex phenomena and adsorption is determined by 

the molecular composition of proteins as well as the properties of the surfaces 42,43. 

Adsorption can induce aggregation of proteins as observed using atomic force microscopy 44 

and changes in three dimensional structure as determined by circular dichronism 42,45. It has 

been shown that orientation and 3D structure of the immobilized proteins is more important 

for platelet adhesion onto biomaterials 46,47 than the total amount of protein adsorbed to the 

surface suggesting that the chemical characteristics of the surface is determining 

biocompatibility. Molecular organization is not likely to be detected by contact angle 

measurements and thus appears to be an inappropriate method for assessing biocompatibility. 

The original molecular organization of cell culture flask, untreated SU-8, SU-8 treated with 

HNO3-CAN, SU-8 treated with HNO3-CAN and ethanolamine as well as untreated PMMA is 

very different suggesting that these surfaces should bind different sets of molecules from the 

cell culture medium. Comparing the whole genome expression profiles of cells cultured for 

several generations on a novel surface with identical cells cultured in the reference system 

may provide more insight into whether the cells can be regarded as biologically comparable to 

the reference cells and whether the surface or a micro system or an implant can be regarded as 

biocompatible. In principle the whole genome expression profiling utilizes more than 40,000 

“sensors” to asses the actual metabolic state of a cell culture. 

 

Conclusion 
Examination of biocompatibility of the different SU-8 surfaces and PMMA showed that that 

contact angle measurements, morphological studies and growth kinetics may not be sufficient 

parameters for assessing the effect of the surfaces on cell function. A surface can be 

biocompatible with cell growth, morphology, cell adhesion like SU-8 treated HNO3-CAN 

while still being on the molecular level different compared to cells grown on a reference 
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surface as determined by gene expression analysis. If a novel surface induces no or only 

minimal changes of gene expression compared to the reference surface, it is difficult to argue 

that cells cultured on the novel surface has dissimilar function as cells grown on the reference 

surface and thus the surface should be considered bio-comparable with the reference surface. 

A surface can be bio-comparable for one type of cells but not necessarily bio-comparable for 

other cell types indicating that systematic evaluation of gene expression profiles should 

routinely be done when assessing biocompatibility issues of surfaces and novel microfluidic 

cell culturing systems. Furthermore, gene expression profiling can be used to determine if a 

microfluidic system intended to simulate a particular environment in vivo (e.g. a blood vessel) 

indeed provides conditions for the cells that result in gene expression profiles that is identical 

to the gene expression profiles in cells in their natural counterpart.  
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Figures 

 
 

Fig. 1. Proposed reaction scheme of the two-step SU-8 surface modification: 1: The epoxy 

ring on the SU-8 surface is believed to be opened by treatment with HNO3-CAN; 2: The 

nitrato radical on the modified SU-8 surface reacts with the amino group of ethanolamine. 
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Fig. 2. Water contact angles of different surfaces. The hydrophobicity of differently surfaces 

was determined by measuring the contact angle of water. Solid columns represent 

measurements performed on surfaces prior to incubation with cell culture media. Hollow 

columns represent water contact angles on surfaces after incubation with cell culture media 

under culturing conditions (37 ºC, 5 % CO2) in the incubator for 24 hours. Prior to measuring 

the contact angles, surfaces were dried under a gentle stream of N2. 

 

 

 



Publications and manuscripts – Paper 3 

- 201 - 

 

Fig. 3. Growth kinetics of HeLa cells on the differently modified SU-8 surfaces. Samples of 

the differently modified SU-8 surfaces were immersed in standard cell culture media in 

separate cell culture flasks and seeded with equal amounts of HeLa cells. The cells were 

inspected every 24 hours and three to four representative pictures were taken on each surface 

on each occasion for cell counting. The entire culturing experiment was repeated twice. The 

number of attached cells was manually counted for calculation of the cell densities. The label 

letters refer to the following different surfaces: (a). Untreated SU-8; (b). SU-8 treated with 

HNO3-CAN; (c). SU-8 treated with HNO3-CAN and ethanolamine; (d). Control culture flask 

surface. The differently modified SU-8 surfaces were immersed in standard cell culture media 

in cell culture flasks and seeded with equal amounts of cells. The samples were incubated for 

4 days in the incubator. Inspection of the cells was performed every 24 hours and three to four 

representative pictures were obtained for counting. The culture experiment was repeated twice 

and the cell counts were averaged. The error bars represent the standard deviation. 

 



Publications and manuscripts – Paper 3 

- 202 - 

 
 
Fig. 4. HeLa cells cultured over night on SU-8 surfaces patterned with the HNO3-CAN 

ethanolamine treatment. A: HeLa cells grown on an array of 50 µm × 50 µm squares. The 

dark areas observed to be out of focus are cells adhering to the bottom of the culture flask 

below the pattern B: HeLa cells grown on the 5 µm wide concentric circles. The cells 

appeared to change their morphologies to fit on to the HNO3-CAN and ethanolamine treated 

patterns avoiding contact to the untreated SU-8.  
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Fig. 5. Scatter plots of whole human genome expression profiles following four days culture 

on different surfaces. A and B: Self-self hybridization control experiments. C: Untreated SU-

8. D: HNO3-CAN treated SU-8. E: HNO3-CAN and ethanolamine treated SU-8. F and G: 

PMMA. H: The figure displays the number of more than three fold up-regulated genes on the 

differently treated SU-8 surfaces relative to the reference cell culture flask. The numbers in 

the overlapping region of the circles indicates the number of genes that were up-regulated on 

both corresponding surfaces, while the number in the overlapping region of all three circles 

reflects the number of genes that were up-regulated on all three surfaces. All regulations were 

measured relative to the reference cell culture flask. I: Same as F here with down regulated 

genes. The entire list of regulated gene names and description is available as supplementary 

information at http://www.journal-web-page.  
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Supplementary Information. HeLa Cells cultured on differently treated SU-8 surfaces. In A-

D the cells were cultured for 24 hours while in E-H the cells were cultured for four days. A 

and E is the reference culture flask. B and F is untreated SU-8. C and G represents SU-8 

treated with HNO3-CAN while D and E represents SU-8 treated with HNO3-CAN and 

ethanolamine. All cells originated from the same culture and were cultured under identical 

conditions using the same media formulation. 
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Supplementary table 

Gene Name HNO3-CAN  Untreated SU-8  Gene Name HNO3-CAN Untreated SU-8 

RPLP0 0,052 0,330  BC014322 3,336 3,045 

AI567808 0,081 0,314  A_32_P172002 4,016 3,071 

BQ007298 0,159 0,311  A_23_P119407 3,439 3,178 

TMEFF2 0,104 0,305  A_23_P136296 3,907 3,327 

BE962960 0,093 0,300  LOC284542 3,413 3,342 

AA780485 0,114 0,296  AK000809 3,325 3,448 

THC2087016 0,129 0,295  BC032064 3,056 3,516 

AI613259 0,071 0,291  SLA 4,085 3,607 

THC2128887 0,142 0,268  TNNI1 3,911 3,623 

AI613259 0,063 0,265  KCNK7 3,157 3,679 

AF130059 0,079 0,241  BC002811 3,628 3,774 

THC2162618 0,085 0,208  XTP7 4,126 3,777 

A_32_P140122  0,269  BC012876 4,418 3,817 

FTH1 0,084   AD7C-NTP 3,404 3,823 

A_32_P98162 0,203   NPEPL1 4,054 3,837 

THC2115077 0,260   AL137472 4,518 3,895 

AI097304 0,200   MGC21675 4,815 3,992 

A_32_P95502 0,121   THC2134916 4,073 4,022 

BM023129 0,332   A_23_P141785 3,565 4,093 

THC2200745 0,074   AK021593 4,529 4,103 

AA922712 0,294   FLJ11710 4,862 4,376 

THC2160881 0,211   SDK2 3,912 4,410 

BM041657 0,074   HAAO 3,885 4,733 

AA300289 0,121   AF116619 5,113 5,297 

A_32_P8857 0,269   BC012876 4,418 3,817 

HNRPC 0,310   ABHD9  3,689 

THC2044542 0,193   MKRN4  3,056 

THC2136179 0,178   HSD17B1  4,663 

BM973227 0,265   DUB3  3,069 

THC2122880 0,266   AK024382  3,537 

RPL23A 0,288   THC2177248  3,327 

BG989839 0,273   TSPYL3 3,973  

BM995362 0,333   RASD1 4,053  

THC2044390 0,200   ASB16 4,027  

AL050041 0,278   CCL19 3,800  

RPS15A 0,113   ADM 3,745  

BQ029628 0,259   GLTSCR1 3,986  

LOC400590 0,306   SLC27A1 3,066  

W45382 0,218   TRH 3,015  

AI278811 0,164   A_23_P206568 3,847  

RPL23A 0,188   HDAC4 3,066  

THC2083654 0,286   DLGAP4 4,003  

T07777 0,318   PNPO 3,978  

THC2166774 0,217   TCF15 4,081  

BX350430 0,313   A_23_P348587 3,442  

A_32_P51781 0,228   JUND 3,342  

AK092531 0,162   FLJ10521 4,374  

THC2200669 0,136   ARHGEF15 3,727  

N75321 0,192   RHO 4,224  

A_32_P46641 0,310   ENST00000304460 3,918  

AI752947 0,288   CDKAL1 3,116  

AK093548 0,103   TAGLN2 3,349  

CB993898 0,309   MGC4606 4,449  

A_32_P36412 0,136   DKFZp564K142 3,093  
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THC2022176 0,185   DPYSL3 3,949  

HNRPH1 0,299   AF144054 3,300  

BE505021 0,327   dJ222E13.2 3,158  

BX398964 0,220   HSPC065 3,102  

BE963453 0,065   FLJ90024 4,265  

AA399656 0,148   KIAA0406 3,483  

D16891 0,198   LENG8 3,086  

FTHL7 0,075   TIP120A 3,298  

BF109153 0,261   THC2134410 4,095  

A_32_P231114 0,191   ZNF403 3,413  

BU734416 0,175   AK123446 3,227  

15E1.2 0,240   A_32_P12282 3,349  

CD370449 0,252   BF960555 4,845  

RPS6 0,225   THC2055297 3,977  

BQ028747 0,239   AK092875 3,672  

BF592096 0,332   THC2138984 3,403  

BE963453 0,074   AI500335 3,181  

THC2203017 0,295   THC2051912 3,316  

THC2205955 0,219   FAM19A4 3,351  

BG013371 0,281   THC2182978 4,322  

AF155662 0,139      
AI520890 0,299      

AA230176 0,114      

F02250 0,310      

BU620016 0,242      

LY6K 0,291      

AA897210 0,142      

BM968705 0,211      

BQ614035 0,219      

AY117690 0,312      

AK094885 0,199      

RPS15A 0,137      

THC2085413 0,182      

AA669846 0,182      

AA516102 0,321      

THC2084699 0,204      

A_32_P182246 0,292      

AI918632 0,118      

AI354226 0,222      

AI937689 0,275      

AK128048 0,263      

THC2162031 0,261      

AI961400 0,070      

AF113008 0,311      

CK818527 0,328      

BQ028747 0,253      

THC2044448 0,200      

BI003432 0,098      

AA081107 0,274      

THC2070072 0,228      

AU137951 0,132      

AA604851 0,249      

A_32_P158543 0,118      

THC2174183 0,261      

THC2166800 0,107      

BQ000122 0,162      

AI686776 0,252      
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THC2194550 0,067      

BE328348 0,117      

THC2130025 0,103      

BE695822 0,152      

BC071732 0,177      

AW673984 0,276      

BQ573872 0,107      

AI267511 0,294      

CB853422 0,254      

THC2164322 0,259      

THC2200192 0,155      

AA780485       

BC065734 0,281      

A_32_P127036 0,216      

RAN 0,106      

AA902595 0,333      

AI718865 0,320      

AI608782 0,244      

BG942819 0,222      

AI457687 0,276      

A_32_P118959 0,130      

RPL23A 0,238      

BI031372 0,101      

CA775175 0,086      

THC2123039 0,239      

BE719776 0,262      

AB019568 0,062      

AY170823 0,303      

THC2126165 0,245      

THC2166330 0,299      

AI985214 0,264      

AL138396 0,283      

THC2045396 0,131      

A_24_P831005 0,187      

THC2202467 0,235      

THC2162618       

AF283771 0,278      

A_24_P636834 0,110      

THC2159243 0,311      

BC000206 0,270      

THC2045155 0,269      

AW075437 0,314      

AW449150 0,274      

AI955728 0,158      

A_24_P32766 0,328      

THC2082102 0,324      

AK090440 0,333      

AF187554 0,182      

AF271776 0,227      

THC2177764 0,255      

A_23_P65845 0,285      

A_23_P158380 0,245      

TRAF4 0,323      

ACTB 0,160      
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Abstract 
Reverse transcription of RNA is an invaluable method for gene expression analysis by real 

time PCR or microarray methods. Random primers of varying lengths were compared with 

respect to their efficiency of priming reverse transcription reactions. The results showed that 

15 nt long random oligonucleotides (pentadecamers) consistently yielded at least two-fold as 

much cDNA as did random hexamers using either poly(A) RNA or an amplified version of 

mRNA (aRNA) as templates. The cDNA generated using pentadecamers did not differ in size 

distribution or the amount of incorporated label compared to cDNA generated with random 

hexamers. The increased efficiency of priming using random pentadecamers resulted in 

reverse transcription of >80% of the aRNA while random hexamers induced reverse 

transcription of only 40% of the aRNA. This suggests a better coverage of the transcriptome 

when using random pentadecamers over random hexamers. The higher conversion efficiency 

of the longer 15 nt random primer resulted in up to five-fold more genes detected in whole 

transcriptome DNA microarray experiments. The results indicate that random pentadecamers 

can replace random hexamers in reverse transcription reactions on both poly(A) RNA and 

amplified RNA resulting in higher cDNA yields and quality. 
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Introduction 
Reverse transcription of RNA into cDNA is a core method for analysis of gene expression 

using DNA microarray or real time PCR (RT-PCR) (1,7,18,19,31). The reverse transcription 

should result in a cDNA population which reflects the original mRNA population in terms of 

transcript abundance and complexity. Furthermore, the reverse transcription reaction should 

be as efficient as possible to give maximum sensitivity in the final assay. Sensitivity is often 

problematic in microarray analysis of un-amplified mRNA. Sensitivity is also an issue when 

following fusion gene markers in cancer patients where, for instance, it is desired to detect a 

single cancer cell expressing the BCR/ABL fusion transcripts in a background of 100,000 

normal cells in CML patients (10,20). This suggests that improvements in reverse 

transcription could have large impact in assay results.  

 

Important parameters to obtain high yield cDNA of good quality is the RNA quality 

(2,5,14,17,25) and enzyme efficiency (4,21). Less studied is the impact of different primers in 

the reaction. Reverse transcription can be primed using specific primers (3,11) which is a 

possibility if relatively few different transcripts are targeted. This is not a practical option for 

whole transcriptome analysis using microarray since it would require synthesis and mixing of 

thousands of specific primers. In those cases, the reverse transcription reaction is primed with 

Oligo(dT) (6,23) random hexamers (6,16,24,29,30) or random nonamers (12,30). Oligo-dT 

priming has the virtue of producing cDNA from the 3’ end of polyA mRNA allowing total 

RNA to be used as template, but often results in a 3’ bias compared to random priming (4). 

Poly(A) selected RNA like an isolated mRNA fraction or amplified RNA (aRNA) are 

preferably reverse transcribed with random primers since random priming is less likely to give 

a 3’ end bias in the resulting cDNA.  
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Here we report a novel initiation method for reverse transcription reactions and a study of the 

implication of random primer length in reverse transcription reactions on the yield of the 

resulting cDNA and the influence on the amount of detectable genes on oligonucleotide 

microarrays.  

Materials and Methods 

RNA isolation and amplification 
Total RNA was isolated by using RNeasy Mini Kit spin Columns (Qiagen, Valencia, CA, 

USA). Quantification of total RNA was performed in an Ultraspec 3000 spectrophotometer 

(Pharmacia Biotech, Cambridge, England) and validation of RNA quality was performed by 

using the RNA 6000 Nano Assay on an Agilent 2100 Bioanalyzer (Agilent Technologies, 

Palo Alto, CA, USA). Amplification was performed with the Riboamp T7-based RNA 

amplification kit (Arcturus Engineering, Mountain View, CA, USA) according to the 

manufacturer’s instructions using 2 µg total RNA as starting material yielding 35-40 µg 

amplified RNA (aRNA) after one round of amplification which was considered sufficient. For 

each labeling reaction, 3 µg of aRNA was used unless otherwise mentioned. Isolation of 

mRNA was performed from 100 µg total RNA using oligo-d(T)25 Dynabeads (Dynal, Oslo, 

Norway) and following the manufacturer’s directions yielded 2-3 µg poly(A)+-enriched RNA 

(mRNA) in 20 µl 10 mM Tris-HCl, pH 7.5. 

cDNA synthesis 
cDNA was synthesized as described elsewhere (30), with modifications. In brief: each 

reaction was unless otherwise mentioned primed with 3.35 nmoles of random primers (Sigma-

Genosys, Haverhill, UK or Invitrogen, Paisley, UK) corresponding to 6 µg random hexamers 

in 18.5 µL reactions containing 2-3 µg aRNA by heating at 70 °C for 10 minutes, snap 

cooling on ice for at least one minute. Reverse transcription reaction mixture lacking enzyme 

was added to final concentration of  500 µM of each of dATP, dCTP, and dGTP, 300 µM 

dTTP (Larova Biochemie GMBH, Teltow, Germany), 200 µM 5-aminoallyl-dUTP (Sigma-
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Aldrich, Steinheim, Germany), 40 U RNasin (Promega, Mannheim, Germany), 1x first-strand 

buffer (Life Technologies), 10 mM dithiothreitol (DTT) (Life Technologies) in final volume 

of 30 uL. The mixture was incubated for 3-5 minutes at room temperature to let the primers 

anneal.  400 U (2 uL) of Superscript II (Life Technologies) was added and the mixture was 

incubated for at 42 °C for 5 hours. Reactions were quenched by addition of 10 µL of 0.5 M 

EDTA (Sigma) and RNA hydrolyzed by the addition of 10 µL of 1 M NaOH followed by 

heating at 65 °C for 15 min. Reactions were neutralization by addition of 10 µL 1 M HCl, and 

cDNA was purified on QIAquick columns (Qiagen, Valencia, CA, USA) according to the 

manufacturer’s instructions but substituting phosphate wash buffer (5 mM potassium 

phosphate pH 8.0, 80% ethanol) for buffer PE, and phosphate elution buffer (4 mM potassium 

phosphate pH 8.5) for buffer EB. 

  

cDNA was lysophilized to dryness and resuspended in 4.5 µL of 0.1 M fresh sodium 

carbonate pH = 9.0 buffer. NHS esters (4.5 µL) of Cy-3 or Cy-5 dye (Amersham Biosciences, 

Piscataway, NJ, USA) in DMSO (lysophilized dye from one tube was dissolved in 73 µl of 

DMSO (Sigma)) were added and reactions were incubated at room temperature in the dark for 

1 hour. Coupling reactions were quenched by the addition of 35 µL of 0.1 M sodium acetate 

(Sigma) pH = 5.2 and unincorporated dye was removed using QIAquick PCR Purification Kit 

spin columns (Qiagen) according to the manufacturer’s instructions. Labeling efficiency was 

determined by analyzing the whole undiluted sample in a spectrophotometer using a 50 µL 

micro-cuvette (Hellma, Müllheim, Germany). 

Cells 
Human carcinoma cells (HeLa) were cultured in 75 cm2 culture flasks (Easyflask, Nalge Nunc 

International Rochester, NY, USA) in 25 mL media (RPMI 1640 media (Sigma) 

supplemented with 10 % Fetal Bovine Serum (FBS) (Sigma), penicillin (1000 U/mL) and 

streptomycin (1 mg/mL) (Sigma)). Cells were cultured at 37 °C in an atmosphere containing 5 
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% CO2 (AGA, Copenhagen, Denmark) in a CO2 incubator (Assab, Don Whitley Scientific 

Ltd., Shipley, West Yorkshire, United Kingdom). The cells were seeded at a density of 6667 

cells per cm2 and the cells were subcultured every three to four days when around 90 % 

confluence was reached.  

Microarray  
Slides pre-spotted with 44,290 60 nt long oligonucleotides directed against the human 

transcriptome were obtained (Agilent Technologies, Palo Alto, CA, USA). Hybridizations 

were performed according to supplier’s instructions. In brief unless otherwise mentioned 200 

pmol of each of the differently Cy labeled cDNA were combined in 200 µL milliQ water and 

denatured at 98 °C for 3 minutes followed by incubation at room temperature for 2-3 minutes 

and the addition of 50 µL 10 x control (Agilent) and 250 µL 2 x hybridization buffer 

(Agilent). 490 µL was applied to a gasket slide (Agilent) placed in a hybridization chamber 

(Agilent). The slide containing the micro array was mounted on top of the gasket slide 

containing the hybridization solution and the hybridization chamber was closed, and inspected 

for bubble formation. Stationary bubbles were dislodged by gentle tapping. The hybridization 

chamber was mounted on a rotation device and placed in a Hybaid Shake 'n' Stack 

hybridization oven (Thermo Electron Corporation, San Diego, CA, USA) for 17 hours at 60 

°C with the lowest rotation setting (~ 4 rpm). 

 

Following hybridization the gasket slide was removed from the slide containing the array 

while the sandwiched slides were submerged in washing solution 1 (6 x SSC (AppliChem, 

Darmstadt, Germany), 0.005 % Triton-X-102 (Agilent)). The slides were washed for 10 

minutes at room temperature in washing solution 1 followed by 5 minutes in wash solution 2 

(0.1 x SSC (AppliChem), 0.005 % Triton-X-102 (Agilent)) at 4 °C in an in-house fabricated 

microarray washing station. The slides were dried by centrifugation and scanning was 

performed in an ArrayWoRx microarray scanner (Applied Precision, Issaquah, WA, USA). 
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Quantification was performed in the quantification software accompanying the ArrayWoRx 

scanner (ScanWoRx). 

 

Data analysis 
The data was normalized using the Qspline normalization method (27) and further analysis 

was performed using Excel. 

 

Results 
Yield of cDNA synthesis using different primers 

The fact that random nonamers give higher yields of cDNA than random hexamers led us to 

investigate if the yield of cDNA could be further increased using ever longer random primers. 

The effect of the length of the random primers was evaluated using a protocol for generating 

labeled cDNA for microarray gene expression experiments (30). As control the Invitrogen 

random primer formulation (referred to as “Inv” subsequently) was utilized and compared 

with primers synthesized at an oligo-house. The Invitrogen formulation consisted primarily of 

random hexamers. Reverse transcription reactions initiated with either random 15-mer (R15) 

or R12 primers resulted in 100% more cDNA while R18 and R21 resulted in 40-50% more 

cDNA compared to the shorter R6 and R9 primers (Figure 1 A). The results also indicates that 

cDNA synthesis initiated with R6 and R9 primers obtained from an oligo vendor results in 

cDNA yields comparable to reactions initiated with the commercial random primer 

formulation, Inv. Since the reactions were spiked with 3 µg T7 amplified RNA, the maximum 

yield is 10000 pmol synthesized nucleotides. Reactions initiated with R15 and R12 resulted in 

80% yield while R6 and R9 initiated reactions resulted in 40% yield. The relative yield 

between different priming methods was verified by electrophoresis where R15 primers gave 

significantly more cDNA than the other primers (Figure 1 B). There was no difference in size 

distributions of the respective cDNA primed with the different primers. Synthesis initiated 
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using different primers did not affect the amount of aminoallyl-dUTP incorporated in the 

cDNA as all cDNA reaction yielded a ratio of nucleotides per dye (Nuc/Dye) that was 

approximately 40±15 (Figure 2). 

 

Reverse transcription of mRNA was investigated and the results (Figure 3) showed that R15 

primers initiated reactions yielded two-fold more cDNA than reactions initiated with Inv 

primers, confirming the findings from reactions relying on aRNA templates (Figure 1). The 

results also showed that R15 initiated reactions reverse transcribed almost 80 % of mRNA 

which was two-fold better that the Invitrogen random primer initiated reactions used as 

control (Figure 3).  

 

Microarray analysis of cDNA populations 
The R15 primer generated cDNA populations were compared with cDNA populations 

generated by Inv priming by co-hybridization of the respective cDNA populations to DNA 

microarrays of 44,000 probes. As template equal amounts of aRNA originating from the same 

aRNA pool was utilized. Genes were considered significantly different if the ratio exceeded 

two fold change as indicated by the upper and lower line on Figure 4 A-C. Repeating the 

experiments with the order of the dyes reversed enabled removal on non-significant noise and 

statistical analysis of the data. The results showed that, statistically, there were only three 

transcripts for genes that were found to differ between the R15 and Inv primed reactions 

(Figure 4 A-B and Table 1). In comparison, cDNA populations generated from four different 

Inv primed reactions differed statistically in two transcripts (Figure 4 C and Table 1).  

 

Inspecting the non-normalized microarray data showed that 24-81% more genes was detected 

using cDNA generated by R15 priming compared to cDNA generated by Inv priming (Figure 

5 A, B and F, two leftmost bars). This result cannot be explained by differences in 
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fluorescence or amount of target hybridized between the two populations since the amount of 

dye was normalized to 200 pmol dye prior to hybridizations. The effect of increasing signals 

was highest in the Cy5 channel (Figure 5 F) which can be explained by the fact that Cy5 

signals were generally weaker than Cy3 signals. Normalization of the data removes the 

positive effect of R15 priming (Figure 4 A and B and Supplementary Figure 1) which is 

expected since the algorithm (27) is designed to remove systematic variations. We routinely 

obtain twice as much cDNA during reverse transcription with R15 priming over Inv/R6 

priming (Figure 1 and Figure 3). The significance of that was illustrated by co-hybridization 

with twice the amount of R15 primed cDNA as Inv primed cDNA. Between 80 and 550% 

more genes were considered expressed on arrays hybridized with twice the amount of R15 

primed cDNA compared to Inv primed cDNA (Figure 5 C-D and F). Also in this case 

normalization of the signals removed any effect of using twice as much cDNA in the 

hybridization reaction (Supplementary Figure 1).  

 

Taken together, the results showed that that R15 priming increases the amount of the resulting 

cDNA but also yields cDNA with better representation of the original mRNA population. 

Although cDNA populations were generated for analysis with DNA microarrays as shown in 

this study, R15 primers could also be applied on single cell RT-PCR with similar efficiency as 

Inv primers (data not shown) indicating that Inv primers can be substituted in general with 

R15 primers.  

 

Discussion 
cDNA synthesis from RNA is a critical step and the choice of priming can have large effects 

on the cDNA yield and quality as shown in this report. Priming with random pentadecamers 

resulted in 80% of the complex aRNA or mRNA population being reverse transcribed. 

However, cDNA was measured spectroscopically after spin column purification steps a 



Publications and manuscripts – Paper 4 

- 217 - 

purification method that usually results in loss of DNA. It is therefore likely that R15 and R12 

primer initiated reactions have yields close to 100 % indicating that almost the entire aRNA or 

mRNA pool (transcriptome) is reverse transcribed using R15 and R12 primers. The increased 

coverage of the transcription process using R15 primers may explain why 24-81% more genes 

were considered expressed using arrays hybridized with R15 primed cDNA compared to Inv 

primed cDNA. In comparison, more than five fold more genes were considered expressed on 

arrays hybridized with twice the amount of R15 primed cDNA compared to Inv primed 

cDNA (Fig 5). The latter result reflects the practical effect of the increased yield of cDNA 

synthesis using R15 primers. The results strongly show that priming with random 

pentadecamers in cDNA synthesis results in better sensitivity in DNA microarray assays. 

 

The largest effect on the number of genes detected using R15 primers in the cDNA synthesis 

was obtained in the Cy5 channel. This is not surprising since we observed a non-linear 

relationship between the Cy5 and Cy3 channels with the Cy5 channel consistently having 

lower signals (Fig 5). Increases in target concentration as a results of using R15 as primers 

will therefore have larger effect on the number of genes detected since more genes were close 

to the background level when using Cy5 as fluorochrome as label compared to Cy3 (Fig 5).  

 

The larger number of genes detected using non normalized data suggest initially that there 

would be significantly more genes that showed different expression pattern using normalized 

data. However, the normalization procedure is constructed to reduce systematic differences 

(27). Normalization operates by assuming that no gene is regulated and as much as two fold 

more detected genes (using equimolar concentration of cDNA) may be considered a 

systematic change and is corrected for. This is also apparent when analyzing normalized data 

using different amount of targets (Supplementary Figure 1) where essentially no difference is 

observed.  
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Amplified RNA was used in these studies to have enough of a complex RNA population for 

all experiments and to avoid bias between the different cDNA pools (15). Since aRNA 

reactions are primed with Poly(dT) primers, it is likely that this RNA population has a 3’bias 

compared to mRNA meaning that the aRNA is less complex than mRNA. The effect of using 

different length of primers was however similar if mRNA was used as template instead of 

aRNA (Fig 1A and Fig 3) where in both cases random pentadecamers priming resulted in 

close to 100% reverse transcription of the complex RNA sample if losses during purification 

is accounted for. This indicates that the positive effects in hybridization reactions by using the 

R15 as primers in the cDNA synthesis on aRNA template most likely also apply to mRNA as 

template.  

 

With the introduction of exon arrays (8,22), total transcriptome coverage of the transcription 

reaction will be increasingly important. If mRNA populations were investigated using exon 

arrays, there could be patches of the transcriptome that is not reverse transcribed due to 

difficulties in priming. The reverse transcription reaction is in most cases carried out at 42 °C, 

a temperature at which A/T rich primers has difficulties to form duplexes indicating that G/C 

rich sequences will be preferably primed using R6 primers (Supplementary Figure 2). R15 or 

longer primers will bind better to A/T rich sequences than R6 primers indicating a mechanism 

for the observed increase in transcriptome coverage using longer primers. The lower yields in 

terms of amount of cDNA of random primers 18 nucleotides or longer can be the result of 

secondary structure formations or increased specificity resulting in fewer binding sites for the 

primers. This may indicate an optimum in terms of length of random primers that is balanced 

between melting temperature of the primer-template duplex and the increased specificity 

originating from the increasing length. 
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Random pentadecamers has previously been reported to be used as primers in pre-

amplification step in whole genome amplification (WGA) (32). Presumably R15 primers were 

chosen because it would function in the PCR where annealing was done at 37 °C a 

temperature close to the 42 °C used in reverse transcriptions. Recently, reverse transcription 

polymerases operating at higher temperatures >50 °C has been introduced (13,33). These 

enzymes should give better efficiency of reverse transcription reaction due to the fact that less 

secondary structures in the RNA are encountered during the transcription process (33). It is 

likely that priming with longer primers could also have a large positive effect on reverse 

transcription reactions performed at 50 °C since a larger fraction of the longer primers will be 

able to form duplexes with the RNA than the shorter primers.  

 

It has previously been found that the requirement for mRNA template can be reduced by a 

factor of 10 by using amino C6dT modified random hexamers (29). It was speculated that the 

effect most likely is due to increased binding sites for the cyanine dye esters provided by the 

aminogroup of the modified primer. However, if we assume that the cDNA is 400 nt long on 

average and the Nuc/dye ratio is 40, there are 10 dyes per cDNA copy. An additional dye 

from the C6dT hexamer would only increase the dye content by 10 % if the coupling 

efficiency is assumed to be 100 %. It is instead possible that the observed 10-fold increase in 

sensitivity by using C6dT modified primers is caused by the positively charged amino group 

on the primer that might bind to the negatively charged DNA backbone. This could lead to an 

increased melting temperature of the primer – RNA duplex during reverse transcription 

resulting in higher efficiency of the cDNA synthesis.  

 

Techniques liker laser capture microdissection (LCM) enables the isolation of single cells (9). 

Comparing the gene expression profiles of single cells captured by LCM required 

amplification (16) as the amount of mRNA in a single cell is limited. Linear amplification of 
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RNA is usually performed utilizing a T7 based method (26). However, subsequent rounds of 

RNA amplification may include random hexamer or nonamers priming (16,28). This 

technique yields only minute and highly precious amounts of genetic material. If the random 

hexamers or nonamers in these reactions were replaced with random pentadecamers, we 

believe based on data presented in this work, that higher yields and quality of aRNA and 

subsequently better cDNA could be obtained. Replacing random hexamers with random 

pentadecamers in single cell RT-PCRs resulted in comparable amounts of products visualized 

by gel-electrophoresis (data not shown). 

 

In conclusion, a simple substitution of random hexamers with random pentadecamers in the 

reverse transcription reaction has many advantages like better genome coverage and with that 

better yield. The effect is that better sensitivity is obtained using random pentadecamers as 

primers which should be an advantage of gene expression analysis using microarrays or RT-

PCR in general.  
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Figure 1 | Effect of random primer length on the amount of generated cDNA. (A) cDNA 

yield obtained from reverse transcription of 3 µg aRNA. Values are based on 

spectrophotometer measurements (A260-A310 nm). A commercial random primer formulation 

primarily consisting of random hexamers from Invitrogen (Inv) was included as a control. 

Random primers were obtained from Sigma Genosys ranging in length from 6 to 21 bases 

using a 3 base length increment (R6 to R21). (B) Size distribution of the generated cDNA 

using the Agilent Bioanalyzer and the RNA 6000 Nano LabChip®. 
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Figure 2 | Amount of dye incorporated in cDNA produced with different primers. The 

incorporation efficiencies were determined as the ratio of the amount of cDNA (Figure 1) and 

the amount of Cy-3 or Cy-5 determined by spectroscopic analysis (550 and 560 nm 

respectively). 
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Figure 3 | Yield of cDNA synthesis using R15 and Inv primers. 1.5 µg mRNA (non 

amplified RNA) was reverse transcribed into cDNA using Invitrogen R6 (Inv) and the R15 

random primers. 6 µg of primers was used in each reaction. 
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Figure 4 | Scatter plots of normalized data from hybridizations to whole human 

transcriptome arrays. Cy-5 labeled samples were always plotted on the y-axis. Prior to 

hybridization, the differently labeled cDNA samples were pooled using equimolar amounts of 

each Cy-dye (200 pmol). Molar amounts mentioned in pmol in this figure refer to the amount 

of Cy-dye incorporated in the cDNA and not the amount of nucleotides of cDNA.  (A) 

Normalized scatter plot of co-hybridization of 200 pmol Cy-5 labeled cDNA resulting from 

reactions initiated with Inv primes and 200 pmol Cy-3 labeled cDNA resulting from reactions 

initiated with R15 primers. (B) Repeating the experiment with the order of the dyes reversed. 

(C) Normalized scatter plot of co-hybridization of 200 pmol Cy-5 labeled cDNA and 200 

pmol Cy-3 labeled cDNA both resulting from reactions initiated with Inv primers. The central 

line is the median and the upper and lower lines correspond to a 2-fold change up or down 

respectively. Non-linear normalization of the raw data was performed using Qspline (27). 
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Figure 5 | Scatter plots of non-normalized hybridizations to whole human transcriptome 

arrays. Cy-5 labeled samples were always plotted on the y-axis. Molar amounts mentioned in 

pmol in this figure refer to the amount of Cy-dye incorporated in the cDNA and not the 

amount of nucleotides of cDNA.  (A-B and E) Non-normalized data from Figure 4.  (C) 

Repeating the experiment in (A-B) with twice the amount of labeled cDNA originating from 

R15 initiated reactions (400 pmol Cy-dye labeled cDNA) than Inv initiated reactions (200 

pmol Cy-dye labeled cDNA). (D) Repeating the experiment in (C) with the order of the dyes 

reversed. (F) Comparison of the amount of detectable genes with R15 and Inv priming. A 

gene was considered detected if it displayed a signal that was 50 % more than the background 

signal calculated as the average of the 1000 weakest signals on the array. 
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Table 1 | Genes showing significant changes in abundance in two cDNA populations. The 

ratio of Inv R6 over R15 (a)) was calculated for two slides and the values were averaged. The 

P values were calculated using the student T-test. Genes were considered if they were more 

than two fold regulated and the P value was less than 0.05. The Inv R6 over Inv R6 ratios 

were calculated by utilizing the Inv R6 values from three slides and averaging the ratios. Thus 

inherent slide to slide as well as experimental variations are contained in these values. 

Probe name Gene Name Ratio SD % CV P value Sequence 

A_23_P355447 ZDHHC22 0.48 a) 0.01 1.86 0.0002 CAATGGGAGGGAGAGGGAGGA

GGGGAAGATCTGGGCAATTTTG

GCCTTGACTCTTTCCTG 

A_32_P158433 THC2001391 2.20 a) 0.29 13.37 0.029 CAGAAGTCGCTGGGCTCATAA

GGCTCTTAGACGTGCTTGAGAG

TGAGCCTTTCGAAGAGA 

A_32_P187875 A_32_P187875 2.12 a) 0.15 6.93 0.0085 GAAGCATCGTATCACAGCAGG

TTACAACAACTTTGGGATAAAA

GGCAACTGGTAAACTGT 

A_23_P87879 CD69 0.08 b) 0.04 48.58 0.00079 TGTGCAATATGTGATGTGGCAA

ATCTCTATTAGGAAATATTCTG

TAATCTTCAGACCTAG 

A_24_P694760 AK056312 2.26 b) 0.29 12.65 0.025 TCAACTTTGCCTTGATAATTATT

GTAAACACTTTGTTCATTTTTTC

TTTTTTATTCACAA 

a) Ratio refers to the ratio Inv R6 over R15. 

b) Ratio refers to the average ratio values over three slides for Inv R6 signals. 
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Supplementary Figure 1 | Normalized scatter plots of Figure 5 C-D. The central line is the 

median and the upper and lower lines correspond to 2-fold change up or down respectively. 

Non-linear normalization of the raw data was performed using Qspline (27). 
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Supplementary Figure 2 | Melting curves of oligonucleotides with varying length and 

adenine, cytosine content. The curves were generated by the theoretical melting temperature 

using oligonucleotides consisting solely of adenine (A), cytosine (C) or an equal amount of A 

and C. The reverse transcription reactions were performed at 42 °C 
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Introduction 
Protein and DNA microarrays are usually produced with glass or polymer slides. Enclosing 

a microarray in a microstructure puts several demands on the bonding technique. It is of 

highest importance that the biological activity of the microarray is not compromised by the 

procedure, which for instance exclude high temperatures. Here we describe a very simple and 

fast method to enclose protein or DNA micro arrays printed on glass slides in microstructures 

made in PMMA by flushing the microstructure with dichloromethane.  

 

Materials 
Agarose coated microscope slides was prepared according to the method by Afanassiev et 

al. [1] Approximately 1 nL sample containing oligonucleotides or proteins was deposited onto 

the slide using a Qarray robot (Genetix, UK).  

The microstructures were produced in Polymethylmethacrylate (PMMA) by laser ablation 

using an 150 W CO2 IR laser (Synrad, Mukilteo, WA, USA). A hybridization chamber 4.5 

mm in diameter was connected with channels (an inlet and an outlet) that where either 1000, 

500 or 200 µm wide. At the ends of each channel holes were cut through the PMMA sheet to 

allow loading of the samples. The structure holds approximately 15 µL of sample. The 

structures were bonded to substrates by flushing approximately 30 µL dichloromethane 

through the channels. During re-polymerization, the channels were kept open with a gentle 

stream of air or N2. 

The microstructures covering the DNA microarray were flushed with 150 µL 0.1 X SSC 

and blocked with 10% BSA in 0.1 X SSC for 5 minutes. The DNA microarrays where 

hybridized with a mixture of 0.5-50 nM targets dissolved in 3 X SSC, 0.3 % sodium dodecyl 

sulphate and 10 g/L salmon sperm DNA. Un-hybridized DNA was removed by flushing the 
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channels with 0.1 X SSC. Prior to scanning the structures was removed with a scalpel if not 

mentioned otherwise. All liquid handling was made using an ordinary pipette. 

 

Results and discussion 
The objective of the present work was to find a simple procedure to attach a microstructure 

over a protein or DNA microarray immobilized on a glass or polymer slide. It was desirable 

that the bonding technique did not include heat, since it would potentially destroy the activity 

of biomolecules, particularly proteins.  The approach is based on dissolving the surface of the 

plastic a little with a solvent and, upon re-polymerization, the microstructure is bound to the 

glass slide. The strength of the bond between glass and the attached PMMA structure was 

tested by filling the hybridization chamber with 0.1X.SSC and incubating the structure at 37 

ºC or 50 ºC. The stability of the bond was challenged at certain time intervals by emptying 

and filling the structure again and then continues incubating the structure. Several different 

microarray substrates was tested and the results showed that the bond between PMMA and 

agarose film coated film slides could withstand at least four challenges and 210 minutes 

incubation time at both 37 ºC or 50 ºC.  This is sufficient for genetic analysis and small 

molecules measurements using microarrays printed on agarose film coated substrates [2, 3].   

It is possible that the strong bond between PMMA and agarose film is caused by the structure 

of agarose which is 10-fold rougher than glass [2]. However aldehyde and amine surfaces 

could withstand three challenges and 150 minutes incubation times suggesting that the 

bonding technique also could be used with other microarray substrates. Although the bonding 

technique relies on dissolving PMMA, which deforms the microstructure (Fig 1A), functional 

hybridization chambers that were 4.5 mm long, 5 mm in width and only 100 µm in height 

could efficiently be bonded to the agarose film.  

To test if the flushing bonding technique is compatible with protein activity, a small protein 

array was printed on agarose slides. The array consisted of an anti-mouse antibody, the 

pesticide metabolite BAM conjugated to BSA, FITC conjugated strepavidin and BSA. The 

protein microarray was enclosed in a microstructure bonded by the flushing technique and the 

reactivity of anti-mouse and the BAM-BSA conjugate was tested by filling the structure with 

a solution of mouse anti BAM antibody conjugated with the Cy5 fluochrome. The antibody 

reactions showed that the BAM-BSA conjugate on the microarray retained activity after the 

dichloromethane flushing (Fig 1). The microstructure supported the reaction between the anti-

mouse antibody and the mouse anti BAM antibody was much better than the same reaction 
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carried out under a coverslip or without any coverage of the antibody solution. The reason for 

this is not clear. 

 

We next tested if the bonding technique was compatible with DNA microarray hybridization 

assay. The results showed that the microstructures did not interfere with the hybridization 

reaction (Fig 2). If anything, the microstructure could in some instances enhance 

hybridization efficiency up to 100 %. We calculated the CV to be around 15% for arrays 

hybridized with or without microstructures.   

 

Conclusions 
We describe a simple, fast biocompatible way to attach microstructures made in PMMA to 

microarray substrates preprinted with protein or DNA microarrays. Since the technique relies 

on dissolving PMMA with dichloromethane, the microstructures are deformed by the process. 

However, for simple application like a hybridization chambers the deformation has no 

practical consequence. The bond is stable enough for most genetic and protein analysis using 

DNA microarrays. The microstructure could easily be removed enabling the use of standard 

microarray scanners which usually only accept microscope slides. The bonding technique did 

not inhibit the molecular functions of DNA or protein microarrays and conveniently enables 

the attachment of a microfluidic system over a microarray, which simplified the liquid 

handling of multistep assays like colorimetric detection of hybridization. 
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Figures  
 

 

Figure 1. Comparison of an antibody reaction performed in a microarray of immobilized molecules. Scans of 

microarrays incubated with Cy5 mouse anti BAM before (upper panel) and after (lower panel) removal of the 

microstructure. B. Comparison of signals of microarrays incubated with Cy5-mouse anti BAM using a 

microstructure (MS), coverslip (CS) and open air (-). The bars represents the signal obtained from different 

protein spots in the microarray. Arrows indicate clear deformations of the microstructure. 

 

Figure 2. Hybridization signals from microarrays hybridized with either coverslip (CS) or microstructure (MS). 

Three different Cy3-labelled targets were hybridized to a microarray consisting of eight different probes of 

which three are complementary to the targets.  
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SU-8, an epoxy-based negative photoresist, is widely used for fabricating microstructures in various 

µTAS devices because of its excellent chemical stability and optical properties. However, since the 

SU-8 surface is hydrophobic, cell adhesion and culturing is hampered in SU-8 based microsystems. 

Here, we report a simple, cheap and robust method to render a SU-8 surface hydrophilic. The treated 

SU-8 surface could efficiently sustain the growth of human cells while the corresponding untreated 

surface was not compatible with cell growth. 

 

Human epithelial cells, such as HeLa cells [1], preferably adhere and grow on hydrophilic surfaces [2]. 

Hydrophilic surfaces can be generated by coating SU-8 surfaces with fibronectin [3] or hydrophilic 

polymer materials [2] to allow culturing of cells. However, such dynamic coatings may not be stable 

over time. Chemical treatments, on the other hand, have the potential to modify the SU-8 surface 

properties for extended periods [4].  

 

Normally, the epoxy moieties on the SU-8 surface are hard to react using classical epoxy opening 

chemicals (e.g., HCl or HNO3), because of the chemical stability of SU-8. However, with the catalyst 

ceric ammonium nitrate (CAN, (NH4)2Ce(NO3)6), the epoxy rings can be opened and reacted with 

HNO3 [5] (Figure 1). After this first CAN-HNO3 treatment, the nitrate radicals on the opened epoxy 

ring can react further with the amino group of ethanolamine. The contact angle of water on the 

differently treated SU-8 surfaces was used to represent the changes in hydrophobicity (Figure 2A). 

The contact angle on the SU-8 surface was reduced from 95° to 45° by the CAN-HNO3 treatment. 

This indicates that hydroxyl groups were formed on the SU-8 surface. After the second (ethanolamine) 

treatment, the contact angle on the SU-8 surface was further reduced to 25°. However, the second 

treatment is an ionic reaction, and hence reversible: after 2 months of storage, a contact angle of 50° 

was observed.   

 

For testing the biocompatibility, HeLa cells were grown on differently treated SU-8 surfaces for one 

week. The differently modified SU-8 surfaces showed different attached cell densities (Figure 2B). 

Untreated SU-8 had a very low cell density (21 cells/mm2). CAN-HNO3 treated SU-8 had a 

significantly higher cell density (573 cells/mm2). After the second treatment (ethanolamine), the cell 
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density was further increased (957 cells/mm2), close to that on the control culture flask (1023 

cells/mm2). The results indicate that as the hydrophobicity of SU-8 decreases the cell density 

increases. Finally, HeLa cells were cultured on untreated SU-8 surfaces with hydrophilic patterns 

(Figure 3). The images show that HeLa cells changed their morphologies to fit onto the hydrophilic 

SU-8 patterns, suggesting that HeLa cells actively avoided hydrophobic surfaces.  

 

In conclusion, a two-step chemical treatment for modification of SU-8 surfaces was developed. The 

treated SU-8 surface shows good biocompatibility for cell culturing, and indicates a possible route to 

integrate cell culture functionalities in SU-8 based µTAS devices. The treatment can be used to create 

hydrophilic patterns on the SU-8 surface for defining localized cell growth. 

 

 

 
 

Figure 1. Reaction scheme of the two-step SU-8 surface modification: 1: The epoxy ring on the SU-8 surface 

was opened by treatment with 1 M HNO3, catalyzed by 0.1 M CAN at 50°C for 1 hour; 2: The nitrate radical on 

the modified SU-8 surface was then reacted with the amino group of ethanolamine (0.1 M) in 0.1 M sodium 

phosphate buffer (pH = 9.0) for 20 minutes at 50°C. 
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Figure 2. Contact angle (A) and biocompatibility (B) of different SU-8 surfaces. The letters on the x-axis refer 

to the following SU-8 surfaces: (a). Untreated; (b). Treated with CAN-HNO3; (c). Treated with CAN-HNO3 and 

ethanolamine; (d). Treated with CAN-HNO3 and ethanolamine and then stored for 2 months. A: The 

hydrophobicity of differently treated SU-8 surfaces was determined by measuring the contact angle of water. B: 

For the biocompatibility test, differently treated SU-8 surfaces were immersed in culture flasks and seeded with 

HeLa cells. The samples were incubated for one week at 37°C in an atmosphere containing 5% CO2. The 

attached cell densities on different surfaces were counted to give an indication of the biocompatibility of the 

different surface. The cell density on the control culture flask surface (e) was 1023 cells/mm2. 

A B 
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Figure 3. HeLa cells cultured over night on SU-8 surfaces with hydrophilic patterns. The hydrophilic patterns 

were created by standard photolithography of AZ5214e photoresist on top of a 5 µm SU-8 layer. Then, the whole 

glass wafer was dipped into HNO3 with CAN for the treatment. Finally, the photoresist was lifted off in acetone 

(4 minutes ultrasonic agitation.) A: HeLa cells growing on an array of 50µm × 50µm squares; B: HeLa cells 

growing on concentric circles. A change in the cell morphology was observed during culturing. It appeared as 

though the cells would change their morphologies to fit on to the hydrophilic SU-8 patterns rather than display 

their normal morphologies and hence be in contact with the untreated SU-8.  
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12  Appendix 

Table 5: Table of regulated genes from HeLa cells cultured on modified SU-8 surfaces relative to the cell 

culture flask. The ratio refers to the ratio between the modified surface and the reference cell culture flask. 

Where gene names were not available relevant accession numbers or the Agilent probe numbers are provided.  

Gene Name CAN-HNO3 Untreated SU-8  Gene Name CAN-HNO3 Untreated SU-8 

RPLP0 0,052 0,330  BC014322 3,336 3,045 

AI567808 0,081 0,314  A_32_P172002 4,016 3,071 

BQ007298 0,159 0,311  A_23_P119407 3,439 3,178 

TMEFF2 0,104 0,305  A_23_P136296 3,907 3,327 

BE962960 0,093 0,300  LOC284542 3,413 3,342 

AA780485 0,114 0,296  AK000809 3,325 3,448 

THC2087016 0,129 0,295  BC032064 3,056 3,516 

AI613259 0,071 0,291  SLA 4,085 3,607 

THC2128887 0,142 0,268  TNNI1 3,911 3,623 

AI613259 0,063 0,265  KCNK7 3,157 3,679 

AF130059 0,079 0,241  BC002811 3,628 3,774 

THC2162618 0,085 0,208  XTP7 4,126 3,777 

A_32_P140122  0,269  BC012876 4,418 3,817 

FTH1 0,084   AD7C-NTP 3,404 3,823 

A_32_P98162 0,203   NPEPL1 4,054 3,837 

THC2115077 0,260   AL137472 4,518 3,895 

AI097304 0,200   MGC21675 4,815 3,992 

A_32_P95502 0,121   THC2134916 4,073 4,022 

BM023129 0,332   A_23_P141785 3,565 4,093 

THC2200745 0,074   AK021593 4,529 4,103 

AA922712 0,294   FLJ11710 4,862 4,376 

THC2160881 0,211   SDK2 3,912 4,410 

BM041657 0,074   HAAO 3,885 4,733 

AA300289 0,121   AF116619 5,113 5,297 

A_32_P8857 0,269   BC012876 4,418 3,817 

HNRPC 0,310   ABHD9  3,689 

THC2044542 0,193   MKRN4  3,056 

THC2136179 0,178   HSD17B1  4,663 

BM973227 0,265   DUB3  3,069 

THC2122880 0,266   AK024382  3,537 

RPL23A 0,288   THC2177248  3,327 

BG989839 0,273   TSPYL3 3,973  

BM995362 0,333   RASD1 4,053  

THC2044390 0,200   ASB16 4,027  

AL050041 0,278   CCL19 3,800  
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RPS15A 0,113   ADM 3,745  

BQ029628 0,259   GLTSCR1 3,986  

LOC400590 0,306   SLC27A1 3,066  

W45382 0,218   TRH 3,015  

AI278811 0,164   A_23_P206568 3,847  

RPL23A 0,188   HDAC4 3,066  

THC2083654 0,286   DLGAP4 4,003  

T07777 0,318   PNPO 3,978  

THC2166774 0,217   TCF15 4,081  

BX350430 0,313   A_23_P348587 3,442  

A_32_P51781 0,228   JUND 3,342  

AK092531 0,162   FLJ10521 4,374  

THC2200669 0,136   ARHGEF15 3,727  

N75321 0,192   RHO 4,224  

A_32_P46641 0,310   ENST00000304460 3,918  

AI752947 0,288   CDKAL1 3,116  

AK093548 0,103   TAGLN2 3,349  

CB993898 0,309   MGC4606 4,449  

A_32_P36412 0,136   DKFZp564K142 3,093  

THC2022176 0,185   DPYSL3 3,949  

HNRPH1 0,299   AF144054 3,300  

BE505021 0,327   dJ222E13.2 3,158  

BX398964 0,220   HSPC065 3,102  

BE963453 0,065   FLJ90024 4,265  

AA399656 0,148   KIAA0406 3,483  

D16891 0,198   LENG8 3,086  

FTHL7 0,075   TIP120A 3,298  

BF109153 0,261   THC2134410 4,095  

A_32_P231114 0,191   ZNF403 3,413  

BU734416 0,175   AK123446 3,227  

15E1.2 0,240   A_32_P12282 3,349  

CD370449 0,252   BF960555 4,845  

RPS6 0,225   THC2055297 3,977  

BQ028747 0,239   AK092875 3,672  

BF592096 0,332   THC2138984 3,403  

BE963453 0,074   AI500335 3,181  

THC2203017 0,295   THC2051912 3,316  

THC2205955 0,219   FAM19A4 3,351  

BG013371 0,281   THC2182978 4,322  

AF155662 0,139      

AI520890 0,299      

AA230176 0,114      
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F02250 0,310      

BU620016 0,242      

LY6K 0,291      

AA897210 0,142      

BM968705 0,211      

BQ614035 0,219      

AY117690 0,312      

AK094885 0,199      

RPS15A 0,137      

THC2085413 0,182      

AA669846 0,182      

AA516102 0,321      

THC2084699 0,204      

A_32_P182246 0,292      

AI918632 0,118      

AI354226 0,222      

AI937689 0,275      

AK128048 0,263      

THC2162031 0,261      

AI961400 0,070      

AF113008 0,311      

CK818527 0,328      

BQ028747 0,253      

THC2044448 0,200      

BI003432 0,098      

AA081107 0,274      

THC2070072 0,228      

AU137951 0,132      

AA604851 0,249      

A_32_P158543 0,118      

THC2174183 0,261      

THC2166800 0,107      

BQ000122 0,162      

AI686776 0,252      

THC2194550 0,067      

BE328348 0,117      

THC2130025 0,103      

BE695822 0,152      

BC071732 0,177      

AW673984 0,276      

BQ573872 0,107      

AI267511 0,294      
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CB853422 0,254      

THC2164322 0,259      

THC2200192 0,155      

BC065734 0,281      

A_32_P127036 0,216      

RAN 0,106      

AA902595 0,333      

AI718865 0,320      

AI608782 0,244      

BG942819 0,222      

AI457687 0,276      

A_32_P118959 0,130      

RPL23A 0,238      

BI031372 0,101      

CA775175 0,086      

THC2123039 0,239      

BE719776 0,262      

AB019568 0,062      

AY170823 0,303      

THC2126165 0,245      

THC2166330 0,299      

AI985214 0,264      

AL138396 0,283      

THC2045396 0,131      

A_24_P831005 0,187      

THC2202467 0,235      

AF283771 0,278      

A_24_P636834 0,110      

THC2159243 0,311      

BC000206 0,270      

THC2045155 0,269      

AW075437 0,314      

AW449150 0,274      

AI955728 0,158      

A_24_P32766 0,328      

THC2082102 0,324      

AK090440 0,333      

AF187554 0,182      

AF271776 0,227      

THC2177764 0,255      

A_23_P65845 0,285      

A_23_P158380 0,245      
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TRAF4 0,323      

ACTB 0,160      
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