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Abstract 
The research in this thesis focused on different applications of integrated polymer 
waveguides for real-time optical detection in µTAS (micro total analysis systems). 
Based on previous research efforts of our group on SU-8 waveguides, 
dielectrophoresis (DEP) and microchip PCR, the SU-8 waveguides were 
integrated into a microchip flow cytometer, a microchip DEP-flow cytometer, and 
a real-time microchip PCR. Those microdevices were applied for detection of 
cells, investigation of cell sorting processes, and monitoring of PCR products, 
respectively. Finally, the surface modification of SU-8 was also investigated in 
this thesis. 
 
With integrated polymer waveguides, a novel microchip flow cytometer was 
developed for the detection of cell/particle in microfluidic channels. Several 
different optical elements (waveguides, lens and fiber-to-waveguide couplers) 
were monolithically defined in same SU-8 (negative epoxy photoresist) layer with 
microfluidic channels using standard photolithography. Using a band-pass filter 
set, this microchip flow cytometer could detect three signals (forward scattering, 
large angle scattering and extinction) of polystyrene beads with different sizes as 
well as the fluorescence from two different types of labeled blood cells. 
 
Different realizations of cell-sorting microstructures combined with sample 
pretreatment have been developed, but most of them still use bulk optical system 
for monitoring purpose. Based on previously developed microchip flow 
cytometer, two micro flow cytometers were integrated up and downstream of a 
positive DEP structure for real-time monitoring of the DEP sorting process. The 
chips were used to quantitatively determine the influence of different factors (flow 
rate, applied voltage, conductivity of the sample, and frequency of the electric 
field) on the sorting efficiency for yeast cells. A theoretical model for the capture 
efficiency was developed and showed a reasonable agreement with the 
experimental results. Viable and non-viable yeast cells showed different 
frequency dependence and were sorted with high efficiency at 2 MHz and 20 Vpp, 
where more than 90 % of the viable cells and less than 10 % of the non-viable 
cells were captured on the DEP filter. 
 
Finally, a novel real-time PCR microchip platform was developed with integrated 
thermal system and polymer waveguides for real-time PCR monitoring. The 
integrated polymer optical system was created in the SU-8 layer of the reaction 
chamber, without requiring any additional mask process. To realize real-time 
PCR, two suitable DNA binding dyes, SYTOX Orange and TO-PRO-3, were 
selected and added to the PCR mixture. The real-time PCR microchip was applied 
to detect cadF, a virulence gene of Campylobacter jejuni. 
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Since the µTAS devices described in this thesis are all mainly constructed with 
SU-8. A chemical treatment method for SU-8 surface was investigated to render 
the biocompatibility. The biocompatibility of the treated SU-8 surface was 
examined by different methods (including contact angle measurements, cell 
culture, cell morphology, cell growth kinetics, and the whole genome expression 
profiles microarray analysis). The whole genome expression profile microarray 
analysis can provide more detailed biocompatibility information of different 
polymer surfaces than other methods. The results also indicated that there might 
be no correlation between surface hydrophobicity and biocompatibility. 
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Chapter 1: Introduction 

Chapter 1: Introduction 
 
1.1 Concept of μTAS 
During the last decade, microfabricated devices for biological analysis has been 
generated based on the integrated circuit (IC) fabrication technologies. [1] The 
main goal is to miniaturize and to integrate a whole laboratory onto a microchip 
the so-called Micro Total Analysis System or μTAS in short. An ideal µTAS will 
integrate all the steps from sample preparation to final data representation of the 
analysis onto a single micro-device. The interest in µTAS devices has increased 
rapidly due to its low-cost, portability, and low reagents consumption. To date, 
various μTAS devices have been developed by different micro fabrication 
technologies, materials to apply in biochemical, chemical, and pharmaceutical 
research. [2-4] 
 
Isolation and identification of cells (e.g. cancer cells) is extremely important in 
clinical diagnosis, molecular biological and pharmaceutical research. For realizing 
a real cell μTAS, several functional microstructures have been fabricated and 
tested in this thesis. A basic cell μTAS concept is shown in Fig. 1.1. It consists of 
cell sorting pretreatment system, cell incubation chamber, cell lysis and bio-
molecular identification system. 
 

 
Figure 1.1 Schematic of cell μTAS device concept. The whole device constitutes 
three major integrated systems: cell sorting, cell incubation, and cell lysis and 
biomolecular identification. An integrated microfluidic network connects these 
systems. 
 
In the first sample pretreatment step, the target cells will be sorted. The collected 
cells will be then transported into the micro cell incubation chamber for cell 
proliferation and enrichment. Finally, the enriched cells are lysed, the released 
biomolecules (e.g. DNA, proteins) are detected for the cell identification. 
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1.2 Integrated polymer optical system 
To realize multiplex functionalities in a real μTAS device, integration of different 
sensors is critical for monitoring various parameters within the system. Optical 
detection is the most common method for detection in µTAS. Recent development 
of the optical detection in µTAS is reviewed by E. Verpoorte. [5] However, 
currently the most developed µTAS devices still use bulk optics for the optical 
measurements. The use of bulk optics has several drawbacks in terms of 
alignment, shock stability, and space occupation. Although very accurately 
aligned adapter can be fabricated for mounting the bulk optical system on a μTAS 
device, it is difficult to reform. In addition, the bulk optical systems are difficult to 
package together for real-time monitoring each microstructure in a combination 
μTAS device, because of the space limitation of the μTAS device and the 
miniaturization difficulties for free-space optical elements. 
 
Several groups have inserted optical fibers directly in etched grooves [6, 7] or 
encapsulated fibers in polymer chips [8]. Recently, J.C. Roulet et al. (2002) 
reported an array of melted photoresist microlenses and chromium apertures 
deposited on the chip surfaces to form a micro optical system for enhanced signal 
treatment. [9] However, this micro optical system still needs to combine with bulk 
optics. Microlenses have also been integrated at the end of the fiber insertion 
groove for control of the beam shape. [10] Another approach is to use a light 
emitting diode (LED) as the light source for the microsystem. In 2002, J. Seo et 
al. has reported a packaging mode where light was coupled into the chip from the 
side using an external LED and integrated lenses for focusing. [11] Recently, a 
novel thin lay flat organic light emitting diode (OLED) has been packaged 
beneath a microfluidic channel for fluorescence excitation. [12] However, in all 
these approaches, the alignment and packaging was difficult and not very 
repeatable. Additionally, these approaches only allow a single detection point per 
fiber/LED. Although several fibers can be placed along a measuring channel it 
would be exceedingly tedious to realize a device as previously presented by 
Mogensen et al. [13], with more than one hundred measuring points. Therefore, 
the direct integrated fiber or LED approaches are limited to apply in complex 
devices. 
 
In recent years, integrated optical system with planar optical waveguides (silicon 
nitride or doped silicon dioxide waveguides), has been monolithically integrated 
with microfluidic channels. [13-19] Comparison with bulk optical system, the 
integrated optical system provides more design flexibility and higher capacity. 
Furthermore, the alignment problem can be also solved at mask level, where the 
error can be down to a few hundred nanometers. 
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The principle of waveguides is quite simple. Usually, a waveguides consists a 
higher refraction index core layer and the surrounding lower refraction index 
buffer or cladding layers. Since all the integrated waveguides mentioned in this 
thesis are multimode waveguides, the light traveling in the waveguides can be 
explaned by ray-optic approach. 
 

 
Figure 1.2 Optical ray pattern of a standard radiation on the interface plane. 
 
Regarding to the Snell’s law (Fig. 1.2), the relationship between incidence and 
refraction angle on the interface plane can be given by the flowing function (1.1). 

1221 /sin/sin nn=φφ      (1.1) 
Since the n1 is smaller than n2, the φ1 is always larger than φ2. At a certain 
incidence angle, φ1 can become 90 °. Which means that no light refrect through 
the interface. This is also called total reflection. This special incidence angle is 
called the critical angle φc, given by the function (1.2). 

)/(sin90290 21
1 nnc

−−°=−°= φφ    (1.2) 
Therefore, once the angle of incidence in the waveguides is lower than φc, the 
light will be guided through the direction of core layer without leaking. The more 
complex theoretical calculations and many application samples (e.g. RF spectrum 
analyzer, integrated laser, and telecommunication systems) of the integrated 
planar waveguides can be found in the book of R.G. Hunsperger. [20] 
 
However, silicon-based waveguides often need complex silicon micro-fabrication 
techniques. Those fabrication processes (e.g. thin-film deposition, anisotropic 
etching) normally request two to four photolithographic mask steps. Some 
fabrication process takes at least a couple of weeks or even a month, as in case of 
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wet oxidization to convert the silicon waveguides into silicon dioxide waveguides. 
[21] 
 

Conference name The abstracts concerned about SU-8 
MEMS 2004 13 
μTAS 2004 41 
MEMS 2005 11 
μTAS 2005 26 

Table 1.1 The number of abstracts concerned about SU-8, which were presented 
on the recently important conferences. 
 
For low cost μTAS requisition, various optical quality polymeric materials have 
been invested to integrate polymer optics on the microchips by simple 
manufacturing procedures. [22-25] As an epoxy-based negative constructional 
photoresist, SU-8 is widely used for fabricating microstructures in various μTAS 
devices because of its excellent chemical stability [26, 27], optical properties [24, 
28] and fast fabrication process [29]. Recently, many presented μTAS devices 
were constructed in SU-8 (as shown in Table 1.1). 
 
In our lab, polymer waveguides made by SU-8 have been integrated with micro 
channels in a very simple fabrication procedure. The fluidic channels and optical 
elements (e.g. waveguides, lenses and fiber-to-waveguide couplers) were defined 
in the same layer of the negative photoresist SU-8. [24] This technology was 
applied to realize the real-time multiplex detection in several different microchips 
presented in this thesis. 
 
1.3 Flow cytometry 
Cytometry is one of the fundamental operations in the cell research. In traditional 
cytometry, different parameters (e.g. cell morphology) can be measured by taking 
microscope images of the cell smearing on a glass slide. Flow cytometry is now 
more often applied for studying physical and/or chemical characteristics of the 
cells or particles in clinical diagnostics, biochemistry and biology. [30] The 
picture of a typical flow cytometer and the operating principle of flow cytometer 
are shown in Fig. 1.3. 
 
Principally, when the cells or particles pass in single file through the measuring 
apparatus in a fluid stream of flow cytometry, several parameters (e.g. scattering 
or fluorescent signals) that give different information of the cells or particles can 
be measured. The characters of different parameters that can be measured through 
flow cytometer will be mentioned in Chapter 2. Such delicate system is not only 
expensive (about 200,000 euro depended on types), but also requires especially 
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trained person to operate. Therefore, miniaturization of flow cytometer is 
necessary and expected. 
 

A B  
Figure 1.3. A: A typical flow cytometer station (CyAn™ ADP, Dako, DK), 
including state-of-the-art optics (which includes 3 lasers (405 nm, 488nm, and 
635nm), can provide 300 μl/min high throughput, 50,000 events/second fast 
analysis speed, and 4096 channels/parameter signal resolution), is about 30 cm 
wide x 45 cm deep x 40 cm high. B: The optical system setup for the different 
parameters measurements in a standard flow cytometer. 
 
In a cell µTAS, the microfluidic channel by itself serves a nature apparatus for a 
micro flow cytometer. Various micro flow cytometers have recently been 
developed by introducing incident light into the channel and optical systems for 
measuring the scattering or fluorescent signals. [31-37] The impendence of the 
passing cells can be also measured in the micro flow cytometers. [38] In the micro 
flow cytometers, the cells are aligned in the microfluidic channel centre to achieve 
the precise detection position, using the hydrodynamic [39], electrokinetic [40] or 
negative dielectrophoresis (DEP) [41] focusing. By doing so, these micro flow 
cytometers provide competent performances (similar coefficients of variation 
(CV)) as the conventional flow cytometers. However, most of the approaches 
mentioned above were still monitored by various bulk optical systems. In this 
thesis, an innovative micro flow cytometer with integrated optical system for real-
time monitoring is presented in Chapter 2. 
 
1.4 Cell sorting 
Separation different types cell is a crucial step in sample pretreatment process in 
many clinical diagnostic and biological researches. Conventionally, different cells 
can be separated by e.g. gradient centrifugation, or by filtration. Combination of 
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the cell fluorescent labeling with flow cytometer, the fluorescent activated cell 
sorting (FACS) technique provide impressively efficient sorting and high 
throughput (typically several ten thousand events per second). [42, 43] However, 
conventional FACS is expensive, difficult to sterilize, mechanically complex, and 
requires relatively large sample volumes as well as trained personnel for operation 
and maintenance. Several groups have developed micro FACS (μFACS) devices 
to realize the cell sorting process on a microchip. [44-53] The main drawback of 
these μFACS is the low sorting throughputs, which are highly limited by the 
fluorescence activated switch response in comparison to conventional FACS. 
Other groups have developed high throughput micro-devices where cells are 
sorted in continuous flow depending on size. [54, 55] A severe limitation of such 
systems is that the sorting is based purely on the cell sizes, which may not be the 
most relevant parameter for different sorting approaches. Another approach is 
magnetic sorting. [56-59] In this approach, magnet i.e. particles will be trapped by 
magnetic forces during the sorting process. This approach is therefore suitable for 
antibody immunization research by collection the magnetic beads with the 
antibody grafted on the surface. Electrokinetic techniques such as isoelectric 
focusing (IEF) [60] or dielectrophoresis (DEP) [61-63] are also a major approach 
for the micro sorting devices. In isoelectric focusing (IEF) the subcellular 
organelles and/or proteins are sorted by the isoelectric point, where the proteins or 
organelles achieve a neutral position under a pH gradient in an electric field. In 
dielectrophoresis (DEP), cells are sorted according to the cells permittivity, as 
described below. 
 
To apply DEP, an alternating electric field will be formed to polarize particles or 
cells. As a good approximation, the polarized particle/cell can be represented by a 
dipole. Such dipole, in a non-uniform alternating electric field, is moved by a DEP 
force. [64] The direction of the DEP force is depended on the polarizability 
(permittivity) of the particle comparison with the suspending medium. If the 
permittivity of the particle or cell is higher than the medium, the force is toward 
the regions of high electric field gradient (positive DEP). Reversely, it will be a 
negative DEP. If the medium has the permittivity gradient, the non-uniform 
electric field can perform a DEP gradient. The DEP theory will be described in 
more detail in Chapter 4. 
 
Depending on the conductivity of the fluid, positive DEP [65], negative DEP [66, 
67], and DEP gradient [68, 69] has been applied to sort various cells or particles 
in microsystems. DEP has been also combined with field flow fractionation (FFF) 
[70] and traveling wave dielectrophoresis (TWD) [71] for separating malaria 
infected cells [72] or cancer cells [73-75] from normal cells. We have used DEP 
in a microsystem for PCR sample preparation. In this micro-device, positive DEP 
was used as a selective filter for capturing and holding cells in a sample while 
PCR inhibitors were flushed out. [76] 
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For the cell characterization, the DEP related technology of electrorotation (ROT) 
is widely applied. [77-82] In ROT, the particle or cell is rotated under a four phase 
alternating electric field. However ROT can only measure a single or a few cells 
each time. In contrast, flow cytometry can measure thousands of cells per second. 
In the Chapter 4, we present a novel microchip flow cytometer with an integrated 
DEP system. Using the microchip flow cytometer, the performance of the DEP 
filter (positive DEP) can be quantitatively real-time monitored by two micro flow 
cytometers integrated upstream and downstream of the DEP filter. It is an 
efficient way to study the effect of DEP on a large number of cells. 
 
1.5 PCR on microchips 
The cells selected by the sorting process need to be identified to summary the cell 
μTAS detection results, such as DNA analysis. Polymerase Chain Reaction (PCR) 
is an enzyme-catalyzed nucleotide amplification technique, routinely used in 
many different fields for genetic identification. To date, many different types PCR 
microchip have been developed. The PCR microchips can be classified into three 
main categories: a chamber, [83-96] a continuous flow, [97-100] and a droplet 
oscillation PCR chip design [101]. The chamber type PCR microchip is the first 
generation of PCR microchip. It contains large volume and has thermal cycles 
easily to control. [83, 84] The main drawbacks of the chamber type are the air-
bubble generation and the packaging. In the continuous flow PCR, a meander 
microfluidic channel is designed to pass through three different heating zones. 
[97] However, this continuous flow PCR has also other drawbacks. Since the 
channel length is fixed, the thermal cycles cannot be changed. Recently, Wang, 
W. et al. (2004) invented a droplet oscillation PCR microsystem. [101] In this 
system, the droplet acts as a tiny reactor. The PCR mix-droplets were controlled 
to oscillate inside the microfluidic channel passing through the three different 
heating zones under required times. The system that controls the microfluidic in 
this PCR microchip is, however, rather complex. 
 
Although PCR is a robust and predictable method, PCR itself cannot provide any 
information about the initial DNA template and the final product. In most cases, 
an end point PCR analysis (e.g. DNA gel electrophoresis) is required. A PCR 
integrated with gel electrophoresis microchip has already been developed. [102, 
103] But due to the extremely complex control systems, the current trend is to 
fabricate into two separate microsystems then couple together. [104] 
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Figure 1.4 The reaction mechanisms of DNA binding dyes and different DNA 
probes. [105] 
 
PCR quantification is difficult because the concentration of amplified PCR 
product can have large variations caused by minor disturbances, e.g. reaction 
components, thermal cycling fluctuation, or primer misalignment. [106] A 
solution to this problem is to use real-time PCR. In real-time PCR, the product 
formation is measured during the PCR reaction by using different fluorescence 
DNA binding dyes (e.g. SYBR green I [107, 108]) or by the real-time PCR probes 
(such as Hybridization probes [109], Hydrolysis probes [110, 111], and Hairpin 
probes [112-116]). DNA binding dyes will be fluorescent, only when they bind to 
double strand DNA. However, such binding is nonspecific. Real-time PCR probes 
can specifically bind to the DNA targets for the fluorescent reporting. But the 
prices of those probes are expensive due to the complex synthesizing. The 
chemistries of different real-time PCR fluorescence technologies are shown in 
Fig. 1.4. By using either dyes or probes, in a real-time PCR, the PCR 
amplification process can be visualized. The cycle threshold (CT) value, the cycle 
number when the fluorescence intensity is higher than the detection baseline level, 
can provide more accurate and real-time quantitative information for the PCR 
amplification process. [105, 106] In 2002, Liu, J. et al. reported a nanoliter rotary 
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PCR microchip for the real-time PCR. [117] Recently, Gulliksen, A. et al. 
realized the real-time nucleic acid sequence-based amplification of RNA on 
nanoliter PCR microchips using a custom-made external optical system. [118, 
119] However, there is no report on the integrated optics application in the real-
time PCR microchip. 
 
In pervious studies at the Cell and Particle Handling group at MIC, DTU, a PCR 
microchip with integrated thermal system for fast thermocycling has been 
developed. [120, 121] Based on this PCR microchip, in this thesis, a novel real-
time PCR microchip with integrated polymer waveguides is developed and 
examined (Chapter 5). This new PCR microchip provides more accurately 
quantitative information about the DNA template, the PCR reaction dynamic 
inside the micro reaction chamber. The integrated polymer optics in this approach 
does not increase any extra cost and fabrication process. 
 
1.6 Biocompatibility investigation of cell incubation in 
microsystems 
In some case, the target cells obtained from a sorting process are limited. 
Therefore, incubation of the collected cells for cell proliferation will be a 
necessary step. The incubation systems for in vitro cell proliferation have been 
developed in many cell µTAS. [122-124] Most of them are fabricated based on 
polymer materials. [125-127] However, polymer materials often have both 
cytotoxic and positive effects in term of bio-functionality i.e. promotion or 
obstruction of biological processes of the cell in comparison to the reference 
surface. [128, 129] Thus the biocompatibility of the material surface for cell 
incubation needs to be rendered and investigated before application. There are a 
number of methods for biocompatible surfaces treatment that includes coating the 
surfaces with fibronectin [130-132], hydrophilic polymer materials [133], or O2 
plasma treatment [134]. However, those coatings may be laborious, expensive, 
and unstable over time. Biocompatibility investigation of a material surface can be 
examined by different methods, such as surface water contact angle [135], cell 
adhesion [136-138], cell spreading on the surface [139], cell proliferation rate 
[138], cell metabolic activity [138]. However, in some of the research it has been 
shown that decreasing water contact angle may not represent increasing 
biocompatibility. [140, 141] 
 
Since most of structures of the cell μTAS presented in this thesis will be 
fabricated based on the negative photoresist SU-8. In Chapter 6, a simple, 
moderate and robust method for SU-8 surface chemical treatment for 
biocompatible is presented. The biocompatibility of the modified SU-8 surfaces is 
tested by different methods such as contact angle measurements, mammalian cell 
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culture, cell morphology, cell-growth kinetics and whole genome expression 
profiling. 
 
1.7 Outline of the thesis 
The main theme of this Ph.D. project is to apply integrated polymer optical 
waveguides for the real-time optical monitoring the functionalities of the different 
cell μTAS and four applications have been investigated. 
 
For detecting the cells in microfluidic channel, a micro flow cytometer with 
integrated polymer waveguides is developed. The micro flow cytometer is made 
based on negative photoresist SU-8 and is fabricated by a simple and fast process 
(Chapter 2). In addition, an application of the micro flow cytometer for detecting 
of fluorescence labeled cell using standard filter sets is investigated and presented 
in Chapter 3. A real application of a cell µTAS with two micro flow cytometers 
integrated upstream and downstream of a positive DEP filter for real-time 
monitoring yeast cell sorting is described in Chapter 4. Application of integrated 
polymer waveguides in a PCR microchip for detection of the variation of 
fluorescent signals in a real-time PCR is presented in Chapter 5. Since most of the 
main structures of the cell μTAS described in this thesis are fabricated in SU-8, 
different methods for measurement of the SU-8 surface biocompatibility are 
applied and evaluated in Chapter 6. Finally, a semi-standard bio-MEMS 
packaging mode for the fast bio-MEMS prototype packaging application is 
demonstrated in Chapter 7. 
 
In this thesis, a number of successful applications of integrated polymer 
waveguides for real-time monitoring in various cell µTAS are demonstrated. The 
results presented here promote a promising possibility for the development of real 
practical μTAS in a near future. 
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Flow cytometry is widely used for analyzing microparticles, such as cells and 
bacteria. In this paper, we report an innovative microsystem, in which several 
different optical elements (waveguides, lens and fiber-to-waveguide couplers) are 
integrated with microfluidic channels to form a complete microchip flow 
cytometer. All the optical elements, the microfluidic system, and the fiber-to-
waveguide couplers were defined in one layer of polymer (SU-8, negative 
photoresist) by standard photolithography. With only a single mask procedure 
required, all the fabrication and packaging processes can be finished in one day. 
Polystyrene beads were measured in the microchip flow cytometer, and three 
signals (forward scattering, large angle scattering and extinction) were measured 
simultaneously for each bead. To our knowledge this is the first time forward 
scattered light and incident light extinction were measured in a microsystem using 
integrated optics. The microsystem can be applied for analyzing different kinds of 
particles and cells, and can easily be integrated with other microfluidic 
components. 
 
2.1. Introduction 
Flow cytometry is a powerful technology for analyzing chemicals, particles and 
cells in clinical diagnostics, biochemistry and biology. In flow cytometry cells or 
particles flow through an incident light beam in a sensing region and parameters 
such as scattered light and fluorescence are measured to provide information 
about the cells or particles of interest (Fig. 2.1). [30] Forward scattering (FS), also 
called small angle scattering, provides information on the size and viability of 

                                                 
 Reprint with permission from The Royal Society of Chemistry; Z. Wang, J. El-Ali, I.R.P. 

Nielsen, K.B. Mogensen, D. Snakenborg, J.P. Kutter, A. Wolff, "Measurements of scattered light 
on a microchip flow cytometer with integrated polymer based optical elements", Lab on a Chip, 
vol. 4, pp. 372-377, 2004. 
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cells or particles. FS is measured in a very narrow scattering angle range (0.5 – 
5.0° to the incident light). Large angle scattering (LS) gives information of surface 
roughness and internal structures of cells or particles, such as cell internal 
granularity. LS can be detected in a broad scattering angle range (15 – 150° to the 
incident light). When a cell or particle passes through the light beam, the amount 
of direct light decreases due to a combination of absorbance and light scattering: 
This decrease is called extinction (EX). EX provides information on size, 
viability, and, e.g., hemoglobin and protein contents. Since forward scattering has 
to be measured in a narrow scattering angle range, more precise alignment is 
required than for large angle scattering, extinction or fluorescence measurements. 
Consequently, FS is more difficult to measure than the other parameters. [30, 142] 
When flow cytometry is combined with cell sorting so-called fluorescent activated 
cell sorters (FACS) [43] are realized. 
 

 
Figure. 2.1 Measurement principle of flow cytometry. Cells or particles flow 
through an incident light beam in a sensing region and parameters such as 
extinction, scattered light, and fluorescence are measured. The different 
parameters provide various information about the cells or particles as indicated 
in the figure. 
 
In the past two decades, the microfabrication technologies developed for the 
microelectronics industry have been applied in chemistry, biotechnology, and 
pharmaceutics for miniaturization of different analytical instruments. [2-4, 143-
149] Those technologies have also been utilized for miniaturizing flow cytometers 
[31-38, 40] and fluorescent activated cell sorters (μFACS). [44-48, 150] However, 
the vast majority of those microsystems used bulk optics for the optical 
measurements. This has drawbacks in terms of packaging because of alignment 
problems and shock stability. Furthermore, free-space optical elements are often 
difficult to miniaturize. E. Verpoorte has recently written a review on optics for 
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microsystems. [5] An attempt to miniaturize free space optic systems was reported 
by Roulet et al. [9] who deposited an array of melted photoresist microlenses and 
chromium apertures on the chip surfaces to form a micro optical system for 
enhanced signal treatment. However, this micro optical system still had to be 
combined with bulk optics. Other groups have inserted optical fibers in etched 
grooves [6, 7] or encapsulated fibers in polymer chips. [8] 
 
Microlenses have also recently been incorporated at the end of the fiber insertion 
groove for control of the beam shape. [10] Another approach has been presented 
where light was coupled into the chip from the side using an external LED and 
integrated lenses for focusing. [11] However, in all these approaches the insertion 
and precise alignment of either the optical fiber with the microfluidic channel or 
the LED with the microchip may be difficult. Furthermore, these approaches only 
allow a single detection point per fiber/LED. Even though several fibers can be 
placed along a measuring channel it would be exceedingly tedious to realize a 
device as the one previously presented by Mogensen et al., [13] which had more 
than one hundred measuring points. The fiber approach is therefore of limited use 
for complex devices. 
 
Planar optical waveguides monolithically integrated with microfluidic channels 
can provide good solutions to these problems. Microfluidic devices with 
integrated silicon nitride or doped silicon dioxide waveguides have been presented 
in recent years. [13-18] They were fabricated using silicon micromachining 
techniques such as thin-film deposition and anisotropic etching with the use of 
two to four photolithographic mask steps. The fabrication procedures were 
relatively complicated and took at least a couple of weeks. 
 
Optical waveguides of polymeric materials can be made by simple manufacturing 
procedures. [22-25] In our lab, polymer waveguides have been integrated with 
micro channels using a very simple fabrication procedure where fluidic channels 
and optical elements are defined in a layer of the negative photoresist SU-8. [24] 
In this paper, we present a novel microchip flow cytometer with polymer optical 
elements (waveguides, lenses and fiber-to-waveguide couplers) integrated with 
microfluidic channels, which is suitable for high performance measurements of 
scattered light. Both fabrication and packaging are simple and fast, resulting in 
devices that can be made and tested in one day. 
 
2.2. Experimental section 
2.2.1. Design and fabrication of flow cytometer microchip 
In the new microchip flow cytometer, the main innovative part is the integrated 
optical elements for measurement of scattered light. The design of these optical 
elements in the central part of the chip is shown schematically in Fig. 2.2. 
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Figure 2.2 Schematic of the geometry of the optical system in the central part of 
the chip (not to scale). The incident light comes from the tapered waveguide (to 
the right in the figure) and is focused by a lens to the center of the channel. When 
the focused incident light hits the particle light is scattered. Forward scattered 
light can only be measured in a window between the light path of the incident 
light and light scattered with an angle of 5°, i.e., between Lmin and Lmax. 
 
Incident light for the measurement is guided through a waveguide. The last part of 
this incident light waveguide expands in a tapered structure because recent 
experiments indicate that such structures ensure a higher degree of collimated 
light. [25] The waveguide ends in an elliptical lens (232 μm macroaxis and 130 
μm brachyaxis) to focus the light at the center of the channel. Forward scattered 
light (FS) is measured in a narrow angle range (0.5 – 5°) and at the same time 
collection of too much direct incident light should be avoided because this will 
increase the noise level. Thus, the detection window of the FS waveguides should 
be located between the line of direct incident light and light scattered at an angle 
of 5° (Fig. 2.2). From simple geometry the angle (S) and the boundary (Lmin) of 
the direct incident light beam on the channel wall can be calculated to be S = 
11.5° and Lmin = 56.9 μm from the centerline of the incident light waveguide. Due 
to refraction of the direct incident light beam on the water-SU-8 interface the 
minimum angle (T1min) is T1min = 9.6°. Similarly, the boundary of the light 
scattered at 5° from the particle can be calculated to correspond to Lmax = 68.4 μm 
and T1max = 13.7°. In the design, the distance L = 60 μm and the angle T1 = 10.1° 
was selected. Even though the center of the waveguide is located between the two 
boundaries, the detection waveguide also receives part of the direct incident light 
because the width of the waveguide is 30 μm, and the distance between the two 
boundaries is only 11.5 μm. The height of the waveguides (90 μm) is determined 
by the size of the external optical fiber, which has to fit in the fiber-to-waveguides 
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couplers, while 30 μm was chosen as a practical minimum width to ensure 
mechanical stability of the waveguides. Although this direct incident light will 
increase the noise level it also enables the measurement of light extinction. 
 

 

A 

 

B 

Figure 2.3 Schematic of the microchip flow cytometer’s structure and packaging. 
A: Design of the microchip flow cytometer. All the optical elements, the 
microfluidic system, and the fiber-to-waveguide couplers were defined in one 
layer of polymer. B: Schematic of the chip’s packaging. The chip is placed in a 
holder and a PDMS lid (n = 1.4) was utilized to seal the flow channels and to 
serve as top cladding layer. The thickness of the SU-8 layer was adjusted to 
readily accommodate 70 μm outer diameter optical fibers in the fiber couplers. 
 
The design of the microchip flow cytometer is illustrated in Fig. 2.3A. The 
fabrication has been described previously. [24] Briefly, all the channels and 
optical elements were defined by standard lithography in a single layer of SU-8 
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negative photoresist (XP2075 Microchem, refractive index n = 1.59 at 633 nm). 
The microstructures were fabricated on a 4 inch 500 μm thick Borofloat glass 
substrate wafer (n = 1.46) (Schott corporation, Mainz, Germany). The glass 
wafers were cleaned in a “Piranha” solution (H2O2: H2SO4 = 1:3) for 10 min and 
subsequently dehydrated in a 250 °C oven for at least 3 h (to improve the 
adhesion of SU-8). Immediately after the wafer had cooled, a 90 μm SU-8 layer 
was spun onto the wafer (rotation speed 1800 rpm) and soft-baked on a hotplate 
(25 min at 95 °C, temperature ramp 7 °C min-1). The wafer was cooled on the 
hotplate to room temperature and the structures were defined by UV lithography 
(900 mJ cm-2 at 365 nm), followed by a crosslink bake (25 min at 95 °C, 
temperature ramp 7 °C min-1, cooled on hotplate). The SU-8 thin layer was 
developed in a propyleneglycolmonomethylether-acetate (PGMEA) solution 
(MicroChem, Massachusetts, US) for approximately 10 min to finish the 
fabrication of the chip. 
 
The glass substrate (n = 1.46) served as waveguide buffer layer, while air (n = 1) 
acted as cladding on each side of the 30 μm wide waveguides. Finally, the flow 
channels were sealed by a PDMS lid (n = 1.4), which also served as top cladding 
layer. The PDMS lid was pressed down on the chip by spring-mounted screws 
(Fig. 2.3B). This gave a watertight and reversible sealing of the flow system. The 
thickness of the SU-8 layer (90 μm) was adjusted to readily accommodate 70 μm 
outer diameter optical fibers in the fiber couplers. The tapered groove of the 
coupler structure ensured self-alignment and thus very efficient coupling of light 
between fiber and planar waveguide. [24] The width of the microfluidic channel is 
600 μm and the total dimensions of the chip are 16 mm × 14 mm. 
 
2.2.2. Chemicals 
Four different sizes of polystyrene beads (Polysciences, Inc. Warrington, PA, 
USA) were used in the experiment: 9.1 (±0.6) μm, 5.8 (±0.3) μm, 4.6 (±0.2) μm, 
and 2.8 (±0.1) μm, respectively. The beads were diluted in MilliQ water to the 
concentration shown in Table 2.1. A fluorochrome, Bodipy 650/665-X, 
(excitation at 646 nm, emission at 665 nm, Bio-Rad Laboratories, Inc. USA) was 
applied to visualize light paths in the optical system. 
 
2.2.3. Equipment 
Large angle scattered light was measured using an inverted microscope (Zeiss 
Axiovert 100, Carl Zeiss Co., Germany) with a 40× objective and a photo 
multiplier tube (PMT) (H6780–01, Hamamatsu Photonics K.K., Japan). Another 
PMT (H6780–02, Hamamatsu Photonics K.K., Japan) was used to monitor 
forward scattered light. A HeNe Laser (632.8 nm, max 5.8 mW, Melles Griot, 
USA) was used to provide incident light for the measurements and 70 μm outer 
diameter optical fibers (Polymicro Technologies, AZ, USA) served as external 
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optical fibers. Three syringe pumps (Harvard Apparatus 22 Inc, Holliston, MA, 
USA) were used for pumping the sample and the sheathing flows. 
 
Table 2.1 Concentrations of different beads samples and the applied flow rates. 
Higher flow rates of bead-streams were used for larger beads to prevent settling 
of the beads in the channel. 
Size of beads 
(μm) 

Concentration 
(bead/ml)  

Flow rate of beads 
stream (ml/h) 

Flow rate of sheath 
flow (ml/h) 

9.1 2.68×106  1.0 2.0 
5.8 2.54×106  0.5 2.0 
4.6 5.09×106  0.1 2.0 
2.8 8.63×107  0.03 2.0 
 
2.3. Results and discussions 
The microchip flow cytometer has one sample inlet and two sheathing flow inlets, 
one on each side of the sample inlet (Fig. 2.3A). The sample flow is 
hydrodynamically focused in the center of the main channel by the two sheath 
flows. In the measuring region in the center part of the chip, several optical 
elements are integrated with the microfluidic channel. These optical elements 
(lens, tapers and waveguides) are shown in Fig. 2.4A. The incident light 
waveguide seen perpendicular to the channel wall in the top part of the image is 
equipped with a lens for focusing of the light. At the opposite channel wall, there 
are two waveguides placed at certain angles for measuring scattered light. The 
waveguide to the right was used for measuring FS. The other waveguides seen in 
the picture were not used in the work described in this paper. The incident beam’s 
light path was visualized by filling the channel with a fluorochrome (Bodipy 
650/665-X, excitation at 646 nm, emission at 665 nm) (Fig. 2.4B). The focal plane 
of the lens is clearly seen near the center of the fluidic channel (the lens defined in 
SU-8 is a cylindrical lens and therefore has a focal plane rather than a focal point). 
From this image, the light intensities across the incident light path can be 
determined. 
 
The light intensities of several important sections (labeled I, II, and III, in Fig. 
2.4B) are shown in Fig. 2.5. The focal plane (265 ± 39 μm from the top channel 
wall) is not exactly at the center of the channel (320 μm from the top channel 
wall). However, the maximum value at the center of the channel is still 87% of the 
light intensity at the focal plane. The shift of the location of the focal plane is 
probably caused by a slight change in the refractive index of SU-8 or in the lens 
profile during the different baking processes. The lens is defined inside the 
channel and is as such an obstacle that, in principle, will perturb the flow path and 
cause a non-straight movement of particles in the region close to the lens. 
However, the lens height (40 μm) is less than 7% of the total channel width (600 
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μm) and the perturbation of the flow will therefore be limited. More importantly, 
the chip is designed for measuring particles that are hydrodynamically focused at 
the center of the channel where the effect of the perturbation will be negligible. 
 

 

A 

B 

Figure 2.4 Microscope images of the polymer optical system at the center of the 
microchip. A: Bright field image. The incident light waveguide that can be seen 
perpendicular to the channel wall in the top of the picture is equipped with a lens 
for focusing the light. At the opposite channel wall, there are two waveguides 
placed at certain angles for measuring FS. B: Fluorescence light image (same 
field of view as in Fig. 2.4A). The incident light path is visualized by filling the 
channel with a fluorochrome. In Fig. 2.5 cross sections of the light intensity are 
shown. These cross sections are labeled here for reference: focal plane (I), center 
of channel (II), and edge of the bottom channel wall (III). 
 
The right of the two waveguides at the channel wall seen at the bottom of Fig. 
2.4A was used for measuring FS. In Fig. 2.5 the detection window of this FS 
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waveguide is indicated together with the light intensity along the bottom channel 
wall. From this figure it is estimated that less than 13% of direct incident light will 
arrive at the FS detection window. This part of incident light constitutes the 
background level of the forward scattered light measurements, but, at the same 
time, allows the FS waveguide to be used for measuring extinction signals. 
However, if too much direct light were received by the FS waveguide it would 
have increased the noise to an unacceptable level. 
 

 
Figure 2.5 Light intensities of several sections at different locations along the 
incident light path (labeled in Fig. 2.4). The width and location of the detection 
window of the forward scattered waveguide is indicated in the figure. It is 
estimated that this waveguide received 13% of the incident light. 
 
For measuring bead samples, incident light from a HeNe laser (632.8 nm) was 
introduced through an external optical fiber coupled to the incident light 
waveguide, then focused by the integrated SU-8 lens (Fig. 2.4B). Forward 
scattered light was measured through the right detection waveguide. However, as 
described above, this waveguide also received a small amount of direct incident 
light. Consequently, as a bead passed through the light beam a positive forward 
scattered light (FS) peak is observed first, followed by a negative extinction (EX) 
peak as a result of the bead blocking part of the incident light (Fig. 2.6). 
Simultaneously, large angle scattered light (LS (90°)) was measured vertically 
through the inverted microscope objective. Thus, for each bead three signals (FS, 
LS, EX) were recorded simultaneously. In this study we have chosen to measure 
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LS using a known technique, i.e., to measure LS through the objective of the 
inverted microscope (Fig. 2.3B). We could thus compare the information obtained 
by our new method (FS and EX measured through the detection waveguide (Fig. 
2.4A)) with the results obtained by the established method. There is an agreement 
in time between the LS and FS signal, whereas the EX signal follows a few 
milliseconds later (Fig. 2.6). The established method thus confirmed the 
information obtained by our new method. In future studies, we will measure all 
signals using integrated waveguides hereby avoiding the requirement for external 
free space bulk optics. 
 

 
Figure 2.6 Typical scattered light signals. When a bead passes through the light 
beam a positive forward scattered light (FS) peak is detected by the FS waveguide 
first, followed by a negative extinction (EX) peak as a result of the bead blocking 
part of the incident light. Simultaneously, large angle scattered light (LS (90°)) 
was detected vertically through the microscope objective. 
 
The main disadvantages of using bulk optics for microfluidic systems are the size, 
susceptibility to shock, and alignment problems. The integrated optics presented 
here are much reduced in size in comparison to bulk optics. In addition, the 
monolithic integration of the optics with the microfluidic system ensures excellent 
shock stability. Furthermore, the alignment is done once and for all on the mask 
design level where the accuracy is as good as a few hundred nanometers. 
Moreover, mask-to-mask alignment is avoided since a single mask is used for 
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defining both the optical and fluidic system. The microchip flow cytometer can 
therefore be reproduced with the full fidelity of the photolithographic process. 
 
In order to test the performance of this microchip flow cytometer, samples of 
polystyrene beads of different sizes (2.8, 4.6, 5.8, and 9.1 μm diameter) were 
percolated through the chip at a flow rate of 0.1–1.0 ml h-1. The concentrations of 
beads and the applied sample flow rates are summarized in Table 2.1. The beads 
were sheathed and hydrodynamically focused in the center of the main fluid 
channel by a flow of 1 ml h-1 MilliQ water through each of the two sheath flow 
channels (Fig. 2.3). Three syringe pumps were used, one for the sample flow, and 
two for the sheath flows. 
 

 
Figure 2.7 Distribution of forward scattered light intensities (peak height) for 
four different bead sizes. The different bead sizes can be distinguished from the 
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distribution of the intensities of the scattering signals. In the histograms for 4.6 
and 5.8 μm beads an additional small peak is seen at twice the average intensity 
caused by two beads (doublets) passing through the detection area 
simultaneously. In the histogram for 9 μm beads an extra peak is seen in the low 
intensity area. This is due to an impurity of smaller particles in the beads sample. 
 
During the measurements the throughput of beads was 4–25 beads s-1 (4–25 Hz). 
The widths of the signal peaks from the beads were around 10 ms. The minimum 
distance between beads should be at least twice the signal peak width. This would 
limit the maximum theoretical throughput to 50–65 Hz. However, increasing the 
flow rates will increase the linear velocity of the beads and thereby decrease the 
peak width and increase the theoretical throughput. Another possibility to increase 
the throughput is to decrease the width of the detection window or to narrow the 
incident light path. 
 
The scattering signals from the measured beads were plotted in histograms of the 
signal intensities (peak heights). The histograms of forward scattered light 
intensities are shown in Fig. 2.7 for the four different bead sizes. From those 
histograms, the coefficients of variation (CV), defined as the standard deviation 
divided by the mean of the signal intensity, can be determined. The CV is 26.6%, 
27.4%, 28.2% and 29.7% for 2.8, 4.6, 5.8 and 9.1 μm beads, respectively. These 
results are comparable to results obtained with other microchip flow cytometers. 
[34, 35, 40] However, the CV in the microchip flow cytometer is still high in 
comparison to conventional flow cytometers. [30] This might be caused by 
several reasons: Firstly, the ratio of sheath flow to sample flow is much lower 
than in a conventional flow cytometer. Secondly, in the chip flow cytometer we 
used syringe pumps, which produced a slightly pulsing flow especially at low 
flow rates. In contrast, in conventional flow cytometers, the sheath flow is driven 
by air pressure to create very stable, pulse-free flows. Thirdly, in the chip flow 
cytometer the sample flow was only sheathed on the two lateral sides but not from 
the top and the bottom. This may give a greater variation in comparison to 
conventional flow cytometry, where the sample is sheathed and hydrodynamically 
focused from all four sides. [48] In our lab, we have developed a microfabricated 
coaxial flow structure for hydrodynamic sample focusing in flow cytometers and 
cell sorters. [48, 151] In future works this structure will be included in the 
microchip flow cytometer and the operation of the chip will be modified to bring 
the CV down to the level of conventional flow cytometers. In the histograms for 
4.6 and 5.8 μm beads an additional small peak is seen at twice the average 
intensity (Fig. 2.7). When two beads (doublets) pass through the detection area 
simultaneously this will give rise to the extra peak. In the histogram for 9 μm 
beads an extra peak is seen in the low intensity area. This is due to an impurity of 
smaller particles in the beads sample. 
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Figure 2.8 Mean peak heights for FS, LS, and EX plotted as a function of bead 
size and fitted by linear regression. Linear Regression for FS: Y = - 0.19356 + 
0.22449 × X, (R = 0.99403, SD = 0.08046); Linear Regression for LS: Y = - 
0.14844+ 0.15912 × X, (R = 0.97882, SD = 0.10871); Linear Regression for EX: 
Y = 0.1608 - 0.25121 × X, (R = - 0.99118, SD = 0.10972). 
 
Based on the distributions of the measured signal peak heights, the means of the 
FS, LS, and EX values were extracted after fitting to a Gaussian (only the fits for 
FS are shown in Fig. 2.7). Mean peak heights were plotted as a function of bead 
size and fitted by linear regression (Fig. 2.8). The relationship between the signal 
intensities and the size of the beads shows that FS and EX have more dependence 
on the particle size than LS as seen from the slopes, which are: FS: 0.22, EX: - 
0.25, LS: 0.16. This is in agreement with findings in the literature, which state that 
FS and EX provide information on particle size, whereas LS can display 
information about the internal structures or surface roughness of the particles. [30, 
31] Here, LS only yielded information about the beads’ surface roughness since 
all the polystyrene beads are solid. In future experiments, the microchip flow 
cytometer described here will be used to measure fluorescence (FL) labeled cells. 
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Then four parameters (FS, LS, EX, FL) can be measured simultaneously for each 
cell in the microchip flow cytometer. 
 
2.4. Conclusions 
To our knowledge, this is the first time forward scattered light and incident light 
extinction was measured in a microsystem using integrated optical elements. 
Polymer optical elements including waveguides, lenses and fiber-to-waveguide 
couplers were integrated with microfluidic channels to form a microchip flow 
cytometer. The microfluidic system and all the optical elements were defined in 
one polymer layer (SU-8) by standard photolithography in a single mask 
procedure. This approach allows the fabrication and packaging of an entire device 
to be completed in a single day. Four different size polystyrene beads were tested 
in this micro device, and three different signals (forward scattering, large angle 
scattering and extinction) were measured simultaneously for each bead. The 
different bead sizes could be distinguished based on their signal intensities’ 
histograms. The relationships between the means of the signal peak heights and 
the size of the beads also confirmed the viewpoints expressed in the literature, 
[30, 31] namely that forward scattered light and extinction provide information on 
bead size, and large angle scattered light reveals information on the surface 
roughness of the beads. This microsystem can be applied for analyzing different 
kinds of cells or particles, and can easily be integrated with other microfluidic 
components. 
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Chapter 3: Fluorescence analysis in microchip flow 
cytometer 
 
As described in Chapter 2, flow cytometry is a versatile technology for measuring 
particles and cells. Major application of flow cytometery technology is analysis of 
fluorescence labeled cells. In this chapter, the microchip flow cytometer with 
integrated polymer optical elements (waveguides, lenses and fiber-to-waveguide 
couplers) was applied for measurements of fluorescence labeled beads and cells. 
All the optical elements and the microfluidic system were monolithically defined 
in one SU-8 polymer layer by standard UV photolithography, similarly to the 
design described in Chapter 2. [152] Different signals (forward scattering, large 
angle scattering and fluorescence) were measured simultaneously for each bead or 
cell type. The fluorescence signals of the fluorescence labeled beads and cells 
were obtained through the integrated waveguides (with a band pass filter in front 
of the PMT) or an inverted fluorescence microscope, respectively. 
 
3.1. Chip structure 

 
Figure 3.1. Overview of the chip structure, the flow channel width is 466μm. 
Some straight light obstruction elements are included to reflect unwanted direct 
light. 
 
In the design of this microchip flow cytometer, some stray light obstructions were 
placed around the waveguides to reflect the unwanted straight light. By using the 
similar fabrication process as mentioned in Chapter 2, the fluidic and optical 
systems (as shown in Fig. 3.1) were defined by standard lithography on a single 
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SU-8 layer on top of Pyrex substrate. Since only one mask step process, therefore 
the chip fabrication is rather simple and quick. Again all the fabrication and 
packaging can be finished in one day. 
 
In the microchip flow cytometer, particles or cells were hydrodynamically 
focused in the channel center by two sheath flows. An incident light from an Ar 
ion laser (488nm, as the excitation light) was focused to the center of the channel 
by an integrated SU-8 cylinder lens (Fig. 3.2) for excitation the fluorescence dyes. 
Fig. 3.2A shows a clear focused light path, when the channel was filled with FITC 
(fluorescein 5-isothiocyanate, excitation 494 nm/emission 518nm) fluorescence 
dye solution. 
 
 

 
Figure 3.2. A and B: Image of the integrated polymer optical system (A) and 
visualization of the light path (B). In the detection area, several waveguides were 
designed for collecting light scattered from the particles at different angles (Fig. 
3.1 and Fig. 3.2A). The incident beam light path was visualized by filling the 
channel with a green fluorescence dye (B). 
 
3.2. Experimental section 
6 μm and 10 μm FluresbriteTM plain YG (excitation 494 nm/emission 518nm) 
fluorescence beads (Polyscience, Inc., USA) were selected for the initial tesing of 
the micro flow cytometer. Two red blood cells, the rainbow trout red blood cells 
(RTRBC) and chicken red blood cells (CRBC), were used as the real biological 
sample to test the performing of the microchip flow cytometer. The cells were 
obtained from the Finsen Lab, University Hospital, Copenhagen, Denmark. The 
cell nuclei were stained with propidium iodide (Sigma, USA) (PI, excitation 538 
nm/emission 617 nm). The staining protocol is listed in the Appendix F. 
 
Fluoresence signal was measured using an inverted microscope (Zeiss Axiovert 
100, Carl Zeiss Co., Germany) with a 40× objective and a photo multiplier tube 
(PMT) (H6780–01, Hamamatsu Photonics K.K., Japan). Two different band pass 
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filters (BP 520/10 and BP 620/10, DELTA Light & Optics, Denmark) were set in 
front of the PMT to filter the received incident light. Another PMT (H6780–02, 
Hamamatsu Photonics K.K., Japan) was used to monitor large angle scattering 
light from the integratd waveguides. An Ar ion Laser (488 nm, max 400 mW, Lg-
laser technologies, German) was used to provide incident light for the 
measurements and 70 μm outer diameter optical fibers (Polymicro Technologies, 
AZ, USA) served as external optical fibers. Three syringe pumps (Harvard 
Apparatus 22 Inc, Holliston, MA, USA) were used for pumping the sample and 
the sheathing flows. 
 
3.3. Results and discussions 
The chip was initially tested using FluresbriteTM plain YG (excitation 494 
nm/emission 518nm) beads (Polyscience, Inc., USA). The fluorescence light 
emitted from the beads was measured by one of the waveguides and a PMT with a 
band pass filter (525 nm/22 nm). The distribution of the fluorescence signal 
intensities (peak heights) for two different sizes of fluorescence beads (5.7 and 
10.8 μm diameter) is shown in Fig. 3.3A.  
 

 
 

 
Figure 3.3. A: Fluorescence signal distribution of two different sizes of 
fluorescence beads. B: 2D histogram of fluorescence signals from the two 
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different sizes of fluorescence beads measured using a waveguide and an inverted 
fluorescence microscope. 
 
The beads with two different sizes can clearly be distinguished through the 
inverted fluorescence microscope and the ratio of the fluorescence signal 
intensities is about 1:3, which is close to the ratio of surface areas of the beads. 
However, due to the high fluorescent background [153] and high propagation loss 
[24] of SU-8 material at the low wavelength area, the fluorescence signals 
measured through the SU-8 waveguides are not distinguishable.  
 
In the following real cell analysis, two different red blood cells, Rainbow trout red 
blood cells (RTRBC) and chicken red blood cells (CRBC), were selected for 
testing the performance of the microchip flow cytometer. Propidium iodide (PI, 
excitation 538 nm/emission 617 nm) was selected for labeling the cell nuclei. PI 
can provide relatively higher wavelength emission light than FITC. Even so, the 
fluorescence signal measured through the integrated SU-8 waveguides was much 
lower than the signal direct from the reverse microscope. This is mainly caused by 
the high propagation loss of SU-8 in the low wavelength range. One alternative is 
using higher wavelength fluorescence dye, such as deep red dyes. 
 

 

 
Figure 3.4. The graphs of typical large angle scattering (LS) and fluorescence 
(FL) signals of two different types of red blood cells measured by the microchip 
flow cytometer. The LS is measured through the integrated waveguides. The FL is 
measured through reverse microscope. 
 
The two red blood cells have same sizes but different in DNA contents. Once the 
cell nuclei were stained with PI [154], the fluorescence signals of two different 
cells would be completely different. A graph of typical fluorescence and large 
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angle scattering signals are shown in Fig. 3.4. There was little difference in the 
scattering signals since the sizes of both types of cells were close to 3 μm. In 
contrast, the fluorescence signal was quite different for the different DNA 
contents. The fluorescence signals intensities of PI dyed RTRBC were 3 fold 
stronger than PI dyed CRBC. This is in agreement with the literature [155]. 
Furthermore, from the 1D and 2D distributions of the fluorescence light, the two 
kinds of cells can also be clearly distinguished (Fig 3.5). 
 

 

 
Figure 3.5. A: Fluorescence signal distribution of two different types of red blood 
cells (CRBC and RTRBC). B: 2D distribution of large angle scattering and 
fluorescence signals for the two different types of red blood cells. 
 
3.4. Conclusions 
In this chapter, the applications of the microchip flow cytometer for measuring the 
fluorescence and scattering light of both fluorescence labeled particles and cells 
are presented. However, due to the high propagation loss of SU-8 in the low 
wavelenth, the performance of the SU-8 waveguides for the blue light excited 
fluorescence measurements is not so good. Either changing the fluorescent dye, or 
changing the waveguides materials might solve this problem. At MIC, a new 
doping PMMA waveguides fabrication method has been developed [156], but it 
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requires a micro milling machine and is therefore difficult for mass production 
realization. In the current stage, the SU-8 waveguides is still the most realizable 
and simplest way to achieve the mass production of integrated polymer optical 
elements. 
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Dielectrophoresis (DEP) and Flow cytometry are powerful technologies and 
widely applied in microfluidic systems for handling and measuring cells and 
particles. Here, we present a novel microchip with a DEP selective filter 
integrated with two micro flow cytometers (FC) for on-line monitoring of cell 
sorting processes. On the microchip, the DEP filter is integrated in a microfluidic 
channel network to sort yeast cells by positive DEP. The two micro flow 
cytometer (FC) detection windows are set upstream and downstream of the DEP 
filter. When a cell pass through the detection windows, the light scattered by the 
cell is measured by integrated polymer optical elements (waveguide, lens, and 
fiber coupler). By comparing the cell counting rates measured by the two FC's, the 
collection efficiency of the DEP filter can be determined. The chips were used for 
quantitative determination of the effect of flow rate, applied voltage, conductivity 
of the sample, and frequency of the electric field on the sorting efficiency. A 
theoretical model for the capture efficiency was developed and a reasonable 
agreement with the experimental results observed. Viable and non-viable yeast 
cells showed different frequency dependence and were sorted with high 
efficiency. At 2 MHz, more than 90 % of the viable and less than 10 % of the non-
viable cells were captured on the DEP filter. The presented approach provides 
quantitative real-time data for sorting a large number of cells and will allow 
optimization of the conditions for, e.g., collecting cancer cells on a DEP filter 
while normal cells pass through the system. Furthermore, the microstructure is 
simple to fabricate and can easily be integrated with other microstructures for lab-
on-a-chip applications. 
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4.1 Introduction 
Conventional fluorescent-activated cell sorters (FACS) are widely used in clinical 
medicine, basic biological and material sciences. FACS provides impressively 
efficient sorting. [42, 43] However, conventional FACS is expensive, difficult to 
sterilize, mechanically complex, and requires relatively large sample volumes as 
well as trained personnel for operation and maintenance. Several groups have 
developed micro FACS (μFACS) devices to realize the cell sorting process on a 
microchip. [45-49] However, for most of these μFACS the sorting throughputs 
were very limited in comparison to conventional FACS. Other groups have 
developed high throughput microdevices where cells are sorted in continuous flow 
depending on size. [54, 55] A severe limitation of such systems is that the sorting 
is based purely on cell size, which may not be the most relevant parameter for 
many sorting problems. Dielectrophoretic sorting has been developed as a major 
sorting process in microsystems. [61-63] In dielectrophoretic sorting cells are 
sorted by the cell permittivity and such sorting processes can, e.g., be used for 
sorting living cells from dead cells or cancer cells from normal cells. 
 
Dielectrophoresis (DEP) is an electrokinetic technique, where polarizable particles 
move due to an applied alternating electric field. Dielectrophoresis is widely used 
to manipulate, sort, and measure cells in various microsystems. [61-63] In an 
alternating electric field a particle or cell will polarize. The polarized particle can 
to a good approximation be represented by a dipole, which, in a non-uniform 
electric field, experiences a net time averaged force that will move the particle. 
[64] The DEP force is proportional to the volume of the particle, the gradient of 
the time averaged electric field energy density, and the real value of the effective 
polarizability of the particle. The effective polarizability of the particle is a 
function of the complex permittivity of the particle and the surrounding medium. 
It follows that the polarizability is frequency dependent when the medium and/or 
the particle has a finite conductivity. The frequency dependence is described by 
the real value of the Clausius-Mossotti factor, [64] K(ω), where ω is the angular 
frequency. Since the dielectrophoretic force is proportional to the gradient of the 
electric field energy density, which in turn is proportional to the electric field 
strength squared, a reduction of the electrode spacing will dramatically increase 
the DEP force. This advantageous scaling of the DEP force with electrode spacing 
makes DEP very suitable for manipulating cells in microsystems. 
 
The direction of the DEP force is depending on the effective polarizability of the 
particle in the suspending medium. If the complex permittivity of the particle is 
lower than that of the medium, the force is toward the regions of low electric field 
gradient (negative DEP), 0 > Re[K(ω)] ≥ 0.5. If it is higher, the force is toward 
the regions of high field gradient (positive DEP), 1 ≥ Re[K(ω)] > 0. 
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The effective polarizability of cells is determined by intrinsic parameters such as 
the type of cell, morphology, internal structure, membrane integrity, and 
physiological state, [61, 77] and DEP can therefore be used for separating and 
characterizing cells. The effective polarizability of cells is often modeled using a 
multi-shell model where each shell is assigned a thickness and a complex 
permittivity, which reflects the rather intricate internal structure of the cells. [64, 
157-159] 
 
DEP and the related technique of electrorotation (ROT) [80] have, e.g., been used 
for characterizing different blood cells, [82] cell viability [77-79, 81] and the 
influence of biocide on cells. [80] DEP has also been combined with field flow 
fractionation (FFF) [70] and traveling wave dielectrophoresis (TWD) [71] for 
separating malaria infected cells [72] or cancer cells [73-75] from normal cells. 
We have used DEP in a microsystem for PCR sample preparation. Positive DEP 
was used as a selective filter for capturing and holding cells in a sample while 
PCR inhibitors were removed. [76] Other groups have also used positive DEP. 
[160, 161] However, all of these experiments were either only qualitatively 
characterized or used external methods for quantifying the sorting results, e.g. 
counting chamber or conventional flow cytometry. 
 
Flow cytometry is a powerful method for analyzing particles and cells in clinical 
diagnostics, biochemistry and biology. [30] In flow cytometry, cells or particles 
flow through an incident light beam in a sensing region, and parameters such as 
scattered light and fluorescence are measured to provide information about the 
cells or particles. In contrast to DEP and ROT cell characterizing methods, where 
only a single or a few cells are measured, with flow cytometry thousands of cells 
can be measured per second. Several groups have made microfabricated flow 
cytometers. [40, 45, 48, 152] The vast majority of those microsystems used bulk 
optics for the optical measurements, which has drawbacks in terms of packaging 
because of alignment problems and shock stability. Furthermore, free-space 
optical elements are often difficult to miniaturize. We have recently presented a 
SU-8 based microchip flow cytometer with integrated polymeric optical elements 
(waveguides, lenses, and fiber couplers). [152] In this microchip the microfluidic 
and optical systems were fabricated by standard photolithographic steps in a 
single SU-8 layer. We hereby not only solved the problems of alignment and 
shock stability of bulk optics measurements, but also facilitated the integration 
with other microsystem elements. In the present study, we present a novel 
microchip, which demonstrates the ability to integrate several functionalities and 
several flow cyrometers in a simple two mask level fabrication process. The 
microsystem we have chosen for demonstrating this is a combination of a DEP 
filter and two micro flow cytometers (FC's). The performance of the DEP filter 
(positive DEP) can be quantitatively monitored in real-time using the flow 
cytometers integrated up- and downstream of the DEP filter. Since the DEP 
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properties of live/dead yeast is well documented, [77] yeast was chosen as a 
model system to test our novel chip. 
 
4.2 Experimental Section 
4.2.1 Chip Design, Fabrication and Packaging 
The layout of the DEP microchip flow cytometer is shown in Fig. 4.1A. The 
design comprises a fluid channel network, DEP filter electrodes, a four-electrode 
conductivity measurement cell, and optical circuitry for two flow cytometers up- 
and downstream of the DEP filter in an 18 × 21 mm2 chip. The fluidic channel 
network allows sheathing of the sample flow between two buffer flow streams. At 
the inlets and outlets the fluidic network is provided with wells for liquid access to 
the chip. In the 400 μm wide flow channel a 5 mm long DEP filter with 
castellated electrodes is integrated. Castellated electrodes have already been 
shown to be efficient for capturing cell by positive DEP. [74, 76] The minimum 
DEP electrode distance is 10 μm and the center-to-center electrode distance is 40 
μm. The optical waveguide network for the flow cytometers includes waveguides 
(30 μm wide, 90 μm tall), fiber-to-waveguide couplers and a 3dB (50/50) beam 
splitter, which provides the incident light for the two micro flow cytometers from 
a single light source. A cylindrical lens with radius 41.5 μm is integrated at the 
end of the incident light waveguides to improve the transmission of light at the 
center of the flow channel. The detection waveguides is set at 5° to the incident 
light direction in order to receive forward scattering light, which provides the size 
information of the passing cell. The design and fabrication details about the micro 
flow cytometer using SU-8 waveguides are described in our recent publication. 
[152] The flow channels and all the optical elements were fabricated in SU-8 
using a single mask step. A microscope image of a part of the chip at the 
downstream end of the DEP filter including the downstream flow cytometer is 
shown in Fig. 4.1.B. 

 
A 

 34



 Chapter 4: Dielectrophoresis microsystem with integrated flow cytometers for 
on-line monitoring of sorting efficiency 

 

B 
Figure 4.1 A) Schematic of the lay-out of the chip structure. B) Microscope image 
showing part of the DEP filter and the downstream flow cytometer (2nd FC). Cells 
flowing through the FC were excited by light from the incident light waveguide 
and the forward scattered light was measured using the detection waveguide. The 
DEP filter has 62.5 pairs of DEP electrodes, the distance between the electrodes 
is 10μm, and the entire DEP structure is 5mm long. 
 
The DEP-microchip flow cytometer fabrication process needs only two 
photolithographic masking steps for defining electrodes and SU-8 structures 
respectively. In the first masking step electrodes of 200 nm Au on 10 nm Ti, 
deposited by e-beam evaporation, were defined using a standard lift-off process 
on 500 μm thick 100 mm diameter borosilicate glass substrates (Borofloat, Schott 
Corporation, Germany). Then, all the fluidic and optical systems were created by 
standard lithography in a 90 μm thick SU-8 layer (XP 2075, MicroChem, USA), 
with a refractive index n = 1.59 at 632.8 nm, as described previously. [152]  
 

 
A 
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B 
Figure 4.2 A) Schematic outline of the microchip and the dedicate test jeg 
providing fluidic, optical, and electrical interconnects to the microchip. B) The 
picture shows the chip mounted in the test jeg. Probe pins are used to connect the 
DEP electrodes to an AC generator and optical fibers are used for coupling light 
in and out of the chip. 
 
The flow channels were sealed by a PDMS lid, with a refractive index n = 1.4, 
which also provides top cladding to the waveguides as shown in Fig. 4.2A. The 
borosilicate glass substrate, with a refractive index n = 1.46, provides the lower 
cladding of the waveguides, whereas air provides cladding to the vertical 
waveguide surfaces. The thickness of the SU-8 layer was adjusted to readily 
accommodate 70 μm outer diameter optical fibers (FVP050055065, Polymicro 
Technologies, AZ, USA) in the fiber couplers. Copper probe pins with 0.75 mm 
outer diameter (100426-004-922, Interconnect Device Inc., KS, USA) were used 
for electrical connections to the electrodes on the chips. A photograph of the DEP 
microchip flow cytometer mounted in a dedicated test jig providing fluidic and 
electrical interconnects to the chip is shown in Fig. 4.2B. 
 
4.2.2 Cell Preparation 
Yeast cells (Saccharomyces cerevisiae) were selected as model cells to test the 
performance of the DEP microchip flow cytometer. The yeast cells were grown 
overnight at room temperature on Yeast extract Peptone Dextro (YPD) medium: 
10 g yeast extract (Mast group Ltd, UK), 20 g bacto peptone (International 
Diagnostics Group plc, UK), 20 g glucose (Merck, Germany), and 1000 mL 
water. The cells were collected by centrifugation at 1000 rpm (112 × g) for 5 min, 
at room temperature. The yeast cells were washed once with MilliQ water and 
suspended in MilliQ water to a final concentration of 106 cells/mL. FITC labeled 
yeast cells were obtained by suspending 108 cells in 1 mL FITC solution prepared 
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from 1 mg/mL fluorescein 5-isothiocyanate (FITC) (Sigma chemical Co., USA) in 
0.05 M sodium carbonate/bicarbonate buffer, pH 9.6 (C-3041, Sigma chemical 
Co., USA). The FITC and yeast cell mixture was incubated at room temperature 
for 30-60 min. After the staining, the FITC molecules were conjugated with the 
cell membrane proteins. [162] The FITC labeled cells were washed 3 times by 
centrifugation at 1000 rpm (112 × g) for 5 min and resuspension of the cell pellet 
in MilliQ water. Non-viable yeast cells were prepared by heating a cell suspension 
(30 mL) in a microwave oven at 1500 W for 30 seconds. 
 
4.2.3 Instrumentation 
A HeNe Laser (632.8 nm, max 5.0 mW, Melles Griot, USA) was used to provide 
incident light for the forward scattering measurements. 70 μm outer diameter 
optical fibers (FVP050055065, Polymicro Technologies, AZ, USA) were used for 
coupling the laser light into the incident light waveguides on the DEP-flow 
cytometer chip. Two photo multiplier tubes (PMT) (H6780-01, Hamamatsu 
Photonics K.K., Japan) were used to monitor the forward scattering signals of the 
cells from the two flow cytometers. The chip was placed on a Zeiss Axiovert 100 
inverted microscope (Carl Zeiss Co., Germany) which was used for fluorescence 
measurements. Epi-fluorescence excitation light for the fluorescence 
measurements was provided by a 100 W mercury lamp (XBO75W/2, Carl Zeiss 
Co., Germany) through a band pass filter (489/22 nm) with 20× or 40× objectives 
on the microscope. The fluorescent emission light was collected through the same 
objective and another band pass filter (535/44 nm), and measured by another PMT 
(H6780-02, Hamamatsu Photonics K.K., Japan) fitted on the microscope. Two 
syringe pumps (Harvard Apparatus 22 Inc., MA, USA) were used for pumping the 
sample and sheathing flows. The AC voltage to drive the DEP filter was provided 
by a multichannel AC generator (Wavetek model 195, CA, USA). 
 
4.3. DEP Capture Theory 
In this section we derive an expression for the capture efficiency, which will allow 
comparison of the experimentally obtained results with theoretical expectations. 
In the derivation we shall ignore thermal effects, since we are primarily interested 
in modeling the capture efficiency in low conductivity media, where the thermal 
effects are small. The inclusion of thermal effects would complicate the analysis 
considerably and is beyond the scope of this paper. As a result the validity of the 
theoretical results is restricted to low conductivity media, where the thermal 
gradients due to Joule heating are so small that the resulting thermal gradient 
driven fluid flow can be ignored. The derivation is based on the expression for the 
time-averaged DEP force, [64] <FDEP>, on a particle with volume ν in a non-
uniform alternating electric field with peak amplitude E 
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where  is the (complex) effective polarizability of the particle. For a uniform 
spherical particle immersed in a fluid with the permittivity ε

~
α

f the effective 

polarizability is . [64] The frequency dependent Clausius-Mossotti 
factor, K(ω), is dependent on the complex permittivities of the fluid, 

, and of the cell or particle, , where and 

are the conductivities of the respective media [64] 
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It follows that the time averaged DEP force on a uniform spherical particle of 
radius R is 

[ ] 23 )(Re EKRF fDEP ∇>=< ωεπ .    (3) 
Obviously, the real value of the Clausius-Mossotti factor, which can assume 
values in the range –0.5 ≤ Re [K(ω)] ≤ 1, plays an important role in determining 
the direction of the force. 
 
Consider a DEP filter of length L in a flow channel of width W and height h, with 
W >> h. We shall use Cartesian coordinates with the x-axis along the length and 
the z-axis along the height of the channel. The filter has a two-phase periodic 
electrode structure where the electrodes are driven by the AC voltages V(t) = ± V0 
sin (ωt). The fluid flow in the channel is assumed to be a Poiseuille flow with the 
flow velocity [163] [ ] )/(6/)/1( WhQhzhzv f −≅ , where Q is the flow rate, and z 
the elevation in the channel. 

 
The collection efficiency, ξ, of the DEP filter is defined as the ratio of the number 
of cells captured per unit time on the filter to the number of cells entering the filter 
per unit time. If it is assumed that all cells entering the filter at an elevation less 
than or equal to z0 < h are caught in the filter, then the efficiency is 

)23(23)( 0
2
0

0
2

0

0

0
0

0

uu
h
z

h
z

dzCv

dzCv
z h

x

z

x
−=⎟

⎠
⎞

⎜
⎝
⎛ −⎟

⎠
⎞

⎜
⎝
⎛≅≡

∫
∫ξ ,  (4) 

where C, which is assumed constant, is the concentration of cells in the solution, 
vx is the longitudinal cell velocity, which is assumed equal to the liquid flow 
speed vf , and u = z/h is the normalized elevation. 

 
In order to find the elevation z0 = hu0, below which all cells are assumed caught, 
the equation of motion for the cells must be solved. Since the momentum 

 38



 Chapter 4: Dielectrophoresis microsystem with integrated flow cytometers for 
on-line monitoring of sorting efficiency 

relaxation time for the cells ( ) is very short compared to 
the time-scale of the experiments, inertial forces can be ignored. Therefore, only 
the viscous drag force F

sR μηρτ 5)9/()2( 2 ≈=

drag, the DEP force FDEP and the gravitational force Fg 
need to be considered. The balance between these forces determines the cell 
velocity, vc. Assuming spherical cells, the viscous drag force is obtained from 
Stokes’ equation [163] 

)(6 cfdrag vvRF −= πη .    (5) 
Since inertial forces are ignored, the component of the drag force in the x-
direction is assumed to be zero, which gives the result used above, vx = vf. The 
force of gravity is only important at low applied voltages to the DEP filter. For a 
spherical cell with the mass density difference Δρ compared to the fluid, the force 
of gravity is [163] 

 gRFg ρπ Δ= 3

3
4 ,     (6) 

where g is the gravitational acceleration. 
 

The DEP force depends strongly on the geometry of the DEP filter, and is a 
complicated function of the position of the cell. However, for simple periodic 
electrode structures Morgan et al.[164] have calculated a simple approximation to 
the force valid at elevations larger than ~ 0.7d, where d is one quarter of the 
wavelength of the periodic electrode structure. The time averaged force in the z-
direction for a spherical cell is approximately [164] 
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where V0 is the peak applied voltage to the electrodes, d1 is the width of the 
electrodes and d2 is the spacing between the electrodes; thus d = (d1 + d2) / 2. 
FEM simulations have confirmed that Morgan's expression is very accurate. It 
follows from the vertical force balance, <FDEP> + Fg + Fdrag = 0, that the velocity 
of the cell in the z-direction becomes vz = (<FDEP> + Fg) / (6πηR) ≅ <FDEP> / 
(6πηR). The last expression is valid if the effect of gravity is ignored, which we 
will do for the remainder of this discussion. This is justified because the average 
transit time through the DEP filter is approximately 0.4 s, while the average 
sedimentation time in the flow channel is more than 8 s. 
 
The elevation of a cell that is just captured in the DEP filter of length L is the 
solution to the equation 
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since the integral yields the distance traveled in the x-direction when the cell 
reaches the bottom of the channel. The integral can be evaluated analytically if 
gravity is ignored, since both velocities, vx and vz, are functions of the elevation. 
The trajectory of a cell can be calculated from Eq. (8) if the left-hand side is taken 
as the position x and the upper integration limit as the position z. The result of 
such a calculation is in agreement with the trajectories Holmes et al. calculated by 
numerical simulation. [67] 
 
Inserting the expressions for the velocities in Eq. (8) and rearranging, we get a 
relation between the normalized elevation u0 and the parameters of the experiment 
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The function G(u0) is easily evaluated, but cannot be inverted analytically. 
However, we can formally write the capture efficiency ξ as a function of the 
experimental parameters 
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This expression is easily evaluated numerically, and yields the capture efficiency 
if all cells reaching the bottom of the channel are in fact caught. This might not be 
the case, since cells at the bottom of the channel are affected by a viscous drag 
force (and a viscous torque), which could overcome the retaining DEP force, as 
well as forces due to sticking. The viscous drag force, Fdrag0, on a spherical cell at 
the bottom of the channel is to a good approximation given by [165] 
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The retaining DEP force can be obtained from a FEM simulation of the DEP 
structure as [ ])(Re),,,( 2
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Theoretically expected capture efficiencies at low solution conductivity can now 
easily be calculated using Eq. (11) combined with the functions defined in Eqs. 
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(4) and (9); the expected efficiencies can be corrected for viscous drag losses 
using Eq. (13). 
 
In the experiments reported here the conductivity of the solution is varied from 
below σf < 0.5 mS/m up to σf  = 25 mS/m. The corresponding power dissipated in 
the liquid varies from below P < 4 mW up to P ≈ 200 mW, respectively, which in 
turn leads to an estimated temperature increase of the effluent of the DEP filter of 
ΔT < 0.2 K and ΔT ≈ 10 K, respectively. The estimated temperature differences 
between the bottom and the top of the channel are ΔT < 0.1 K and ΔT ≈ 5 K, 
respectively. It follows that the low conductivity experiments are only slightly 
affected by Joule heating and the above simplification is justified. For the high 
conductivity experiments, however, very significant thermal gradient driven flow 
effects can be expected and the calculated capture efficiencies become inaccurate 
and too high. 
 
4.4. Results and Discussions 
The novel microdevice presented here is a combination of a DEP microchip and 
two micro flow cytometers (FC’s) that can measure quantitatively a large number 
of cells sorted by DEP. The two FC’s are integrated upstream and downstream of 
the DEP filter for simultaneously counting the number of cell passing through by 
detection of the forward scattered signals. Quantitative data on the collection 
efficiencies of the DEP filter can be obtained in real-time by comparing the cell 
counting rate measured on the two FC's. A standard fluorescent microscope with a 
slit aperture can be used for detection of fluorescence labelled cells, however, it 
requires the cell to be labelled with fluorescence and cannot provide forward or 
large angle scattered signals from the cells. In this study, yeast cells were selected 
as model cells for testing the DEP operations since they have strong cell walls and 
show a large difference in permittivity between viable and nonviable cells. In all 
experiments, the yeast cells were hydrodynamically focused in the channel by two 
sheath flows from both sides. To enable comparison of the effects of different 
flow rates, the ratio of sample flow to sheath flow rate was set constant at 1:4. 
 
4.4.1 Capturing Yeast Cells 
Preliminary experiments showed that the yeast cell count would decrease 
gradually during the first 20-30 minutes after which the cell count would stabilize 
at 15-30% of the original level and would remain stable for 2.5 hour or more. This 
phenomenon is probably due to a combination of sedimentation and adsorption of 
yeast cells in the pipeline. To get a stable flow of yeast cells during the 
experiments it was decided to let the system run for at least 30 minutes before 
starting any experiment. In future studies, sedimentation effects may be reduced 
without affecting the osmotic balance and medium permittivity by adding a 
neutral high density solution, e.g., Ficoll400. [67] 
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In initial experiments, FITC labeled yeast cells were suspended in MilliQ water to 
a final concentration of 106 cells/mL. The conductivity of the cell solution was 
less than 0.5 mS/cm and the total flow rate was 1 mL/h, corresponding to a cell 
solution flow rate of 0.2 mL/h. Before activation of the DEP filter, the cell 
counting rates at the two micro flow cytometer monitor sites (1st FC and 2nd FC) 
were virtually identical as seen in Fig. 4.3. The counting rates are significantly 
lower than expected from the concentration of the cell solution and the flow rate, 
probably due to sedimentation and adsorption effects as discussed above. To 
obtain stable cell counting rates in the experiment, the flows were set-up and the 
system left to stabilize for half an hour before the actual measurements. During 
this time period the counting rates gradually decreased from the expected rates to 
the stable rates shown in Fig. 4.3. Then, the DEP filter was switched on for 10 
minutes by applying an excitation voltage of 20 V peak-to-peak at 1 MHz. In this 
period, there was a dramatic reduction in the cell counting rate at the FC 
downstream of the DEP filter (2nd FC), since most cells were collected on the 
electrode array by positive DEP. When the DEP filter was switched off again, the 
cell counting rate at the 2nd FC increased above the level measured at the 1st FC, 
because cells were released from the DEP filter. Two minutes after switching off 
the DEP, the cell counting rate at the 2nd FC returned to the value measured at the 
1st FC. 
 
The yeast cells were labeled with FITC and the fluorescence light intensity of the 
yeast cells collected on the DEP filter was measured simultaneously through the 
microscope (20× objective) as a reference measurement. The results of the 
fluorescence (FL) measurements were in agreement with the results from the 
integrated flow cytometers. A baseline fluorescence level was measured before 
switching on the DEP filter. When starting the DEP filter, the fluorescence level 
increased linearly with time as cells were captured and accumulated on the filter. 
After the DEP was switched off, the fluorescence level rapidly decreased and 
returned to the base level as captured cells were released. 
 
Comparing the cell counting rate monitored on the two FCs reveals that about 
90% of the yeast cells were captured on the DEP filter during the DEP operation, 
see Fig. 4.3. Both the FC and the fluorescence measurement show that about 70% 
of the captured cells are released almost instantaneously (within 2 min) after 
switching off the DEP. In comparison with other sorting methods, the DEP filter 
presented here has the advantage that the sorted cells, captured on the DEP filter, 
can be released in a very short time to create a highly concentrated sample plug. 
 
A smaller part of the captured cells (~20%) were not released or released only 
slowly because the adhesive surface forces were larger than the drag force at the 
edge of the parabolic flow profile. This problem can be solved by coating the DEP 
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filter with a non-fouling coating to prevent cell adhesion. [166] The fluorescence 
measurements only give indirect, relative information on the collected number of 
cells. Furthermore, when lots of cells are captured on the DEP array, the captured 
cells will block excitation and emission light from each other and thus give 
misleading measurements. In contrast, cells accumulated on the filter do not affect 
the integrated micro flow cytometers. They yield direct quantitative information 
on the number of collected and non-collected cells in real-time. This method is 
therefore suited for measuring the effect of various parameters on the sorting 
efficiency. 
 

 
Figure 4.3 The process of yeast cell capture on the DEP filter monitored by micro 
flow cytometer counting and fluorescence intensity measurements. The upstream 
micro flow cytometer (FC1 ) counts all cells entering whereas the downstream 
micro flow cytometer (FC2 ) counts all cells leaving the filter. The fluorescent 
light intensity (FL ) of the FITC labeled yeast cells collected on the DEP filter 
was measured through the microscope. The total flow rate was 1 mL/h, the 
conductivity of the solution was less than 0.5 mS/m, and the concentration of cells 
in the solution was 106 cell/mL (flow rate 0.2 mL/h). The applied voltage to the 
DEP filter was 20 V peak-to-peak at 1 MHz. The measured cell counting rate on 
the 1st FC remained almost constant, whereas the cell counting rate on the 2nd 
FC decreased dramatically when the DEP filter was switched on (at time t = 8 
min) because most of the cells were collected at the filter. When the DEP filter 
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was switched off again (at time t = 18 min) the cell counting rate on the 2nd FC 
increased above that of the 1st FC because cells were released from the filter. The 
capture process monitored by the FL measurements support the flow cytometer 
measurements. The lines between the experimental data points are for guidance 
only. 
 
4.4.2 DEP Filter Characterization 
To characterize the collection efficiency of the DEP filter, four sets of 
experiments with varying experimental conditions were performed. The results of 
these experiments are summarized in Fig. 4.4. 
 

 
Figure 4.4. The effect of different experimental conditions on the collection 
efficiency of the DEP filter. The concentration of the yeast cell sample was kept at 
106 cells/mL, and the other baseline experimental conditions were: total flow rate 
Q = 1 mL/h, excitation frequency f = 1 MHz, applied peak-to-peak voltage Vpp = 
20 V, and solution conductivity σf < 0.5 mS/m. A) Effect of the peak-to-peak 
applied voltage Vpp. The experimental results (filled squares) are compared to a 
simple theoretical model (open circles). Also, the estimated low voltage limits on 
the collection efficiency due to drag force are shown (dashed lines, see text for 
more information). B) Effect of the total flow-rate Q. The experimental results 
(filled squares) are compared to a simple theoretical model (open circles, and 
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open squares). C) Effect of the solution conductivity σf. D) Effect of the excitation 
frequency f for both viable (filled squares) and non-viable (open circles) yeast 
cells. The dashed lines are the values of the Clausius-Mossotti factor calculated 
from a two-shell model of both the viable and the non-viable yeast cells using 
parameters from Talary. [158] The lines between the experimental data points are 
for guidance only. 
 
Fig. 4.4A shows the collection efficiency as a function of the applied peak-to-peak 
voltage, Vpp, at an excitation frequency of 1 MHz. In the experiment, the 
conductivity of the liquid solution was σf  < 0.5 mS/m, the yeast cell concentration 
was 106 cells/mL, and the total flow rate was 1 mL/h. The experimental data 
(filled squares) show two distinct regions: above and below Vpp ~ 5 V. Above 
Vpp ~ 5 V, the collection efficiency increases gradually with increasing applied 
voltage from ~ 60% to ~ 90% at an applied peak-to-peak voltage of 20 V. In this 
region, the experimental collection efficiency is in good agreement with the 
efficiency expected from Eq. (11) (calculated efficiencies: open circles). In the 
calculation a non-equal electrode width and spacing (d1 = 30 μm, d2 = 10 μm, d = 
20 μm) was assumed, but the details of the electrode geometry are not very 
important as long as the quarter wavelength dimension d = 20 μm is maintained. 
Furthermore, a cell radius of R = 5 μm, a liquid relative permittivity of εf = 79, 
and the real value of the Clausius-Mossotti factor of Re [K(ω)] = 1 was assumed. 
To improve accuracy in the low voltage regime, the effect of gravity was included 
in the calculation, assuming a relative mass density difference to the liquid of 
∆ρ/ρ = 10%. 
 
Below Vpp ~ 5 V, the experimental collection efficiency increases steeply with 
the applied voltage, but the efficiencies are significantly below the expected 
efficiency from Eq. (11). The low experimental collection efficiency in this region 
is believed to be caused by loss of captured cells due to viscous drag forces. The 
dashed lines show two calculated minimum capture voltages according to Eq. 
(13), where the retaining force was evaluated from simplified two-dimensional 
FEM models of the electrode structure. The real experimental structure has 
castellated electrodes, but two simplified non-castellated models of the electrodes 
were used in the FEM modeling: one with equal electrode width and spacing (d1 
= d2 = d = 20 μm) roughly corresponding to the average of the castellated 
electrodes, and one with non-equal electrode width and spacing (d1 = 30 μm, d2 = 
10 μm, d = 20 μm) corresponding to the real minimum separation of the 
castellated electrodes. The two different electrode separations in the FEM 
calculations naturally results in different minimum retaining voltages, Vpp min ≅ 
2.9 V and Vpp min ≅ 4.7 V, respectively. On the castellated electrodes, the 
minimum retaining voltage is expected to vary with position on the electrode, 
probably more than covering the full range between the calculated voltage limits, 
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thus explaining a gradual but steep increase of the collection efficiency with 
applied voltage rather than a full cut off at low voltages. 
 
Yeast cells have been reported to be lysed in less than 100 μs at 20 V pulsed DC 
bias voltage (106 V/m field strength) [167]. However, in our experiments the 
applied frequencies are much higher, more than 500 kHz. Even at a field strength 
of 106 V/m no sign of cell lysing found during our experiments. Animal cells are 
known to survive DEP trapping for several days at low applied voltage (2.5 V) 
and higher frequency (10 MHz) corresponding to a field strength of 50 kV/m. 
[168] Since the conductivity of the yeast cell suspension is always less than 0.5 
mS/m, the lysing caused by the thermal effect can also be neglected. 
 
Fig. 4.4B shows the collection efficiency as a function of the flow-rate Q, at an 
applied peak-to-peak voltage of Vpp = 20 V and an excitation frequency of 1 
MHz. In the experiment the conductivity of the liquid solution was σf < 0.5 
mS/m, and the yeast cell concentration was 106 cells/mL. Again, the experimental 
results (filled squares) fall into two distinct regions: below and above Q = 2 mL/h. 
Below 2 mL/h the high collection efficiency (~90%) decreases gradually with 
increasing flow rate in agreement with the calculated efficiency from Eq. (11), 
represented by open circles. Above and at 2 mL/h the collection efficiency is 
much lower (less than 50%) and a quite dramatic decrease is seen between 1.5 and 
2 mL/h. A possible explanation is loss of captured cells due to the viscous drag 
force. To exemplify this point, the open squares represent the calculated collection 
efficiency from Eq. (11) if only half of the electrode area is effective. This is a 
possible scenario, since the electrodes are castellated, and therefore the retaining 
force varies dramatically with position on the electrode. The experimental 
collection efficiency decreases at a higher rate with increasing flow rate, which is 
in qualitative agreement with Eq. (13). In Eq. (13) the minimum retaining voltage 
increases with the flow-rate due to the increasing viscous drag force, thus 
rendering less and less of the electrode area effective for cell capture. At high flow 
rates, only the outer corners of the castellated electrodes may be effective. 
 
Fig. 4.4C shows the collection efficiency as a function of the conductivity σf of 
the solution. The conductivity of the solution was adjusted by adding 0.01M KCl 
to the solution in both sheat and sample flows. Below σf = 10 mS/m the collection 
efficiency decreases very slowly with increasing conductivity, whereas the 
decrease above σf = 10 mS/m is quite dramatic. The decreasing collection 
efficiency with increasing conductivity is in theory caused by the effect of 
conductivity on the Clausius-Mossotti factor, which at 1 MHz, to a fair 
approximation, depends only on the conductivities of the cell interior and the 
solution, Re [K(ω)] ~ (σc - σf)/(σc + 2σf ). If the conductivity of the cell interior is 
assumed independent of the solution conductivity the effect of conductivity on the 
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collection efficiency should be small, approximately as seen below σf  = 10 mS/m, 
since the conductivity of the cell interior is expected to be much larger than the 
solution conductivity (0.1 S/m < σc < 1.2 S/m). [157-159] The discrepancy at 
higher conductivities is most likely due to thermal effects, since the power 
dissipated in the DEP filter increases linearly with the conductivity, to a first 
approximation. The power is mostly dissipated near the electrodes giving rise to 
substantial thermal gradients, which in turn will cause severe flow disturbances 
that will interfere with the DEP filter and reduce the collection efficiency. At the 
highest conductivity used in the experiments, σf  = 25 mS/m, on the order of 200 
mW is dissipated in the DEP filter, whereas the base-line experimental conditions 
dissipate only ~ 4 mW. Experiments with conductivities above 25 mS/m were 
destructive since the Ti adhesion layer for the electrodes was 
electro-chemically etched within a few minutes. The electro-chemical reaction 
also generates hydrogen, thus filling the channel with bubbles. This problem 
might be relieved by replacing the Ti/Au electrodes by metal-silicide electrodes. 
[169] Low conductivity media have been used in the vast majority of 
dielectrophoretic cell sorting experiments reported in the literature. [72-76] Many 
cells (e.g., human or animal cells) require media with physiological osmotic 
pressure to avoid cell lysis. To fulfill this requirement a sugar solution with 
physiological osmotic pressure and low conductivity (e.g., 9% w/w) can be 
applied for sorting such cells. This approach has, e.g., been used for 
dielectrophoretic-based sorting of malaria infected cells [72] or cancer cells [73-
75] from normal cells and the equations and model presented here may be used to 
optimize such processes. However, our results also indicate that this simplified 
model breaks down when the conductivity is increased to levels where thermal 
effects become significant and care should therefore be taken when applying the 
model. 
 
Fig. 4.4D shows the collection efficiency as a function of the excitation frequency 
for viable (filled squares) and non-viable (open circles) yeast cells. As expected, 
the collection efficiency is high and approximately constant at low frequencies 
and decreases rapidly with frequency above a certain corner frequency, which 
depends on the viability of the cells. As a result, the DEP filter can selectively 
capture the viable cells while the non-viable cells pass the filter relatively 
unaffected if a sufficiently high excitation frequency (f ~ 1 - 2 MHz) is chosen. 
This is due to the significant decrease in cell conductivity for non viable cells due 
to perforated cell membranes. [158] In Fig. 4.4D we show calculated values of the 
Clausius-Mossotti factor for both viable and non-viable yeast cells evaluated from 
a two shell model of the cells using the parameters given by Talary. [158] The 
corner frequencies in the collection experiments are expected to be significantly 
higher than the corner frequencies of the Clausius-Mossotti factor due to the 
nonlinearity of the capture process; obviously, the experimental data are not in 
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agreement with this expectation. This is probably again due to loss of captured 
cells caused by viscous drag forces. Since the retaining force is directly 
proportional to the Clausius-Mossotti factor the decrease in this factor at high 
frequencies can lead to a quite dramatic loss of captured cells. This is a nice 
demonstration of how useful the integrated micro flow cytometers are for 
monitoring the DEP filter operation, and that experimental validation of DEP 
models is always necessary. The biological variability of the dielectric parameters 
of cells also imposes a need to monitor and experimentally validate the DEP 
operation. 
 
Experiments at excitation frequencies below 100 kHz proved destructive to the 
electrodes due to electro-chemical etching of the Ti adhesion layer. Again metal-
silicide electrodes might relieve the problem. [169] 
 
4.4.3 DEP Filter Capture Capacity 
 

 
Figure 4.5 Monitoring yeast cell capture on the DEP filter at 1 MHz with 20 V 
applied peak-to-peak voltage by micro flow cytometer counting. The total flow 
rate was 1.5 mL/h and the sample concentration was 106 cells/mL (flow rate 0.3 
mL/h). The upstream micro flow cytometer (FC1 ) counts all cells entering 
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whereas the downstream micro flow cytometer (FC2 ) counts all cells leaving 
the filter. The DEP filter was turned on at time t = 35 min. At time t ≅ 125 min the 
capacity limit (estimated 100000 cells/mm2) of the filter is reached and break-
through is observed. The lines between the experimental data points are for 
guidance only. 
 
Using the two micro flow cytometers integrated up- and down-stream of the DEP 
filter it is straightforward to estimate the capacity of the DEP filter from a break-
through measurements as shown in Fig. 4.5. In this experiment, the total flow rate 
was 1.5 mL/h, where 0.3 mL/h of this flow stream was a cell solution with a 
nominal cell concentration of 106 cells/mL. The flow was left to stabilize and at 
time t = 35 min the DEP filter was turned on by applying 20 V peak-to-peak 
voltage at 1 MHz to the DEP electrodes. At time t ~ 125 min the capacity limit of 
the filter was reached and the filter saturated with cells as seen when comparing 
the count rates of the 1st FC (open squares) to the count rates of the 2nd FC (full 
circles). A constant high collection efficiency (~ 85%) was observed until t ≅ 100 
min, but as the filter starts to saturate, the efficiency gradually decreases because 
the cover of captured cells reduce the capture force on cells. From the 
measurements, the DEP filter capacity is estimated to be ~ 100000 cells/mm2, 
since a total of ~ 40000 cells (the integrated count rate difference) were captured 
on a fifth of the total area of the filter (0.4 × 5 mm2), since the sheathing flows 
occupy the rest of the DEP filter area. It follows that several layers of captured 
cells must cover the capture electrodes in the saturated filter, since the estimated 
capacity corresponds to an average occupied filter area of only 10 μm2 per cell. 
 
4.4.4 Viable and Nonviable Cell Sorting Monitored in Real-Time 
 
The differences in capture efficiency of the DEP filter for viable and non-viable 
yeast cells as demonstrated in Fig. 4.4D, where the collection efficiency for viable 
cells was 8-9 fold higher than for nonviable cells at 1-2 MHz, facilitates sorting of 
these cells on the DEP filter. The integrated flow cytometers allow real-time 
monitoring of this process. Fig. 4.6 shows the results from an experiment sorting a 
1:1 mixture of viable and nonviable yeast cells, with a cell concentration of 106 
cells/mL at 2 MHz with 20 V peak-to-peak applied voltage, and 1 mL/h total flow 
rate. The nonviable cells were FITC labelled, by conjugating the cell membrane 
proteins with FITC followed by a heat treatment of the cell solution to render the 
cells nonviable. After the heat treatment, the thick cell membranes were still 
intact, and the cells could be distinguished by FITC fluorescence measurements. 
The fluorescence signals were measured through a slit aperture (0.2 mm wide) 
located below the 2nd FC. The signals were collected by the inverted microscope 
fitted with a band pass filter (589/22 nm), a 40× objective, and a PMT. The count 
rate from the upstream micro flow cytometer (FC1, symbol ) remained almost 
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constant when the DEP filter was switched on at time t = 8 min, whereas the count 
rate on the downstream micro flow cytometer (FC2, symbol ) dropped from 
essentially the same value as measured on FC1 to approximately half of the initial 
value when the filter was turned on, indicating that approximately half of the cells 
were captured on the filter. The fluorescence count rate (FL, symbol ) was 
approximately equal to half of the count rate of the upstream flow cytometer, and 
remained almost unaffected by turning on the DEP filter. Thus, we conclude that 
most of the captured cells on the DEP filter were viable non-fluorescent cells, and 
the nonviable FITC labeled cells were almost unaffected by the DEP filter. When 
the DEP filter was turned off again at time t = 18 min, the count rate on the 
downstream flow cytometer FC2 increased abruptly since the captured cells were 
released from the DEP filter. The count rate on FC2 returned to essentially the 
same value as measured on FC1 after some time. From a comparison of the three 
measured count rates we conclude that more than 90% of the viable and less than 
10% of the nonviable cells were caught on the DEP filter. It follows that the 
sorting efficiency of the DEP filter described here is comparable to the sorting 
efficiency of the best of other microchip sorting devices.[48, 69, 72-75] 
 

 
Figure 4.6 Sorting of a 1:1 mixture of viable and non-viable (FITC labeled) yeast 
cells at 2 MHz with 20 V applied peak-to-peak voltage, monitored by micro flow 
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cytometer cell counting and counting of fluorescent labeled cells. The total flow 
rate was 1 mL/h and the concentration of the cell solution 106 cells/mL (flow rate 
0.2 mL/h). The upstream micro flow cytometer (FC1 ) counts all cells entering 
whereas the downstream micro flow cytometer (FC2 ) counts all cells leaving 
the filter. The fluorescent count rates (FL ) were obtained through a 0.2 mm slit 
aperture positioned below the second flow cytometer. The DEP filter was turned 
on from time t = 8 min to t = 18 min. From the counting rates we conclude that 
the viable cells were almost completely captured, while most of the non-viable 
yeast cells passed through the filter. The lines between the experimental data 
points are for guidance only. 
 
4.5 Conclusions 
We have described the design and fabrication of a novel microdevice with a DEP 
filter and two optical micro flow cytometers monolithically integrated. 
Considering the high functionality obtained, the fabrication is surprisingly simple, 
since only two photolithographic steps are required. With minor modifications, 
the fabrication platform will allow even more functionality to be integrated, e.g., 
PCR reactors. [120, 169]  
 
We have demonstrated the use of the integrated flow cytometers for on-line 
evaluation of the capture efficiency of the DEP filter with respect to applied 
voltage level, excitation frequency, flow rate, and solution conductivity using 
yeast cells as a model. We found the measured results in reasonable agreement 
with our theoretical predictions. Furthermore, we applied the integrated flow 
cytometers for real-time monitoring of cell sorting on the DEP filter. To our 
knowledge it was the first time this was done in an integrated system, which 
integrated two flow cytometers to achieve a functionality that cannot be obtained 
with conventional instruments. The flow cytometer measurements were 
supplemented by fluorescence measurements on FITC labelled cells and a good 
agreement between the two independent measurement methods was observed. 
 
The simple fabrication process, the demonstrated functionality, and the rather 
straightforward integration of even more functionality hold promise for low cost 
fabrication of disposable multi functional integrated microsystems that can 
compete with, or even outperform, conventional instruments both on technical 
performance and cost. 
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Supplementary Information 
 

 

A 

B 

Supplementary Figure 1. A: Schematics of two integrated conductivity meter 
structures. B: Results of the conductivities measured by the integrated 
conductivity meter compared with known conductivities. The zoom-in area shows 
the nonlinear profiles for the low conductivity measurements. 
 
Since the DEP operations are very sensitive to the conductivity of the medium, we 
also integrated two kinds of integrated four-pole conductivity meter inside the 
channel (Supplementary Fig. 1A) and tested them (Supplementary Fig. 1B). For 
the four-pole conductivity meter, the two outside electrodes are the driving 
electrodes, and the two inside electrodes act as the detection electrodes. During 
the test, the microfluidic channel was filled with different conductivities 
concentration KCl solutions (0.1 – 1285 mS/m). A 200mV, 94Hz AC voltage was 
applied for the conductivities’ measurements by a CDM230 conductivity meter 
(Radiometer Analytical SAS, France). Here the cell constant was kept same as the 
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standard cell constant used in the conductivity meter. The structure 2 is designed 
parallel to the channel, then the length of electrodes can be set longer than the 
structure 1. Thus the effective area of the structure 2 is larger than the structure 1, 
and the conductance of the structure 2 is also larger than the structure 1. From the 
test, under the same cell constant set the structure 2 has higher sensitivity than the 
structure 1. Both structures show quite good linearity for the measurements above 
10mS/m. However in the low conductivity environments, both of them show the 
nonlinear dumping results. Due to the impendence (~1MΩ) between the double 
layer capacitances are close to the same order magnitude of the impendence of the 
Pyrex substrate, part of the currents are leaked through the substrate and can not 
measured by the integrated conductivity meters. 
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A novel real-time PCR microchip platform with integrated thermal system and 
polymer waveguides has been developed. The integrated polymer optical system 
for real-time monitoring of PCR was fabricated in the same SU-8 layer as the 
PCR chamber, without additional masking steps. Two suitable DNA binding dyes, 
SYTOX Orange and TO-PRO-3, were selected and tested for the real-time PCR 
processes. As a model, cadF gene of Campylobacter jejuni has been amplified on 
the microchip. Using the integrated optical system of the real-time PCR 
microchip, the measured CT (cycle threshold) values of the real-time PCR 
performed with a dilution series of Campylobacter jejuni DNA template (2 to 200 
pg/μL) could be quantitatively detected and compared with a conventional post -
PCR analysis (DNA gel electrophoresis). The presented approach provided 
reliable real-time quantitative information of the PCR amplification of the 
targeted gene. With the integrated optical system, the reaction dynamics at any 
location inside the micro reaction chamber can easily be monitored. 
 
5.1 Introduction 
During the last decade, micro Total Analysis System (μTAS) devices have had a 
remarkable impact on biochemical, chemical, and pharmaceutical research 
activities, because of their many potential advantages, such as reduced cost, 
portability, and low reagent consumption. [3] To realize such μTAS devices, the 
integration of different detectors to monitor various parameters within the system 
is a crucial step. Recently, we have demonstrated the application of an integrated 
polymer optical system for cell detection in a micro flow cytometer. [152] The 
integrated optical system provided more integration feasibility, higher capacity, 
and more precise alignment for various microsystems in comparison to the bulk 
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optical system. In this paper, we apply integrated optics for real-time monitoring 
of Polymerase Chain Reaction (PCR). 
 
Polymerase Chain Reaction (PCR) is an enzyme-catalyzed nucleotide 
amplification technique, routinely used in many different fields for genetic 
identification. Although PCR is a robust and predictable method, quantification 
can be difficult because the final amplified product concentration often has large 
variations caused by minor disturbances, e.g. reaction components, thermal 
cycling fluctuation, or primer misalignment. [106] A solution to this problem is to 
use real-time PCR. In real-time PCR, the product formation is measured during 
the reaction by using different fluorescent DNA binding dyes or different types of 
fluorescently labeled probes such as Hybridization probes [109], Hydrolysis 
probes [110, 111], and Hairpin probes [112-116], which bind specifically to DNA 
targets. The DNA binding dye most often used in real-time PCR is SYBR green I. 
[107, 108] This dye has very low fluorescence in solution, but its fluorescence 
increases 1000-fold when it binds to double-stranded DNA (dsDNA) and 
therefore acts as a non-specific fluorescent reporter of the dsDNA concentrations. 
A PCR amplification curve can be established by measuring and plotting the 
fluorescence intensities after each PCR cycle. The cycle threshold value (CT) is 
the cycle number at which the fluorescence intensity is higher than the detection 
baseline level. This parameter provides more accurate and real-time quantitative 
information on the PCR amplification process. [105] 
 
PCR has also been realized on microchips. To date, three different types of PCR 
microchips have been developed, featuring either a chamber [83-96, 102], a 
continuous flow [97-100], or a droplet oscillation design [101]. Until now, only 
few real-time PCR microsystems have been reported. [117-119] Recently, 
Gulliksen et al. (2004) described a novel real-time PCR microchip. However, this 
real-time PCR microchip required an external optical system to detect the 
fluorescent probes. [118, 119] 
 
We have applied PCR microchips for the detection of Campylobacter. 
Campylobacter jejuni is the most common food-borne bacterial pathogen that 
causes gastroenteritis for humans. [170] Several groups have developed different 
conventional real-time PCR procedures for rapid detection of Campylobacter. 
[171-173] Previously, we reported on a PCR microchip with integrated thermal 
system for fast thermocycling [120] and this PCR microchip had been applied to 
detect Campylobacter jejuni. In this study, we present a novel real-time PCR 
microchip with integrated heater, thermometer and polymeric optical elements to 
detect the cadF gene of Campylobacter jejuni using DNA binding dyes. 
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5.2 Experimental section 
5.2.1 Modeling of the heater array 
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Figure 5.1. A: The simulated thermal profile using a 2D heat transfer simulation 
model in FEMLAB3.1. B: Comparison of the temperature profiles inside the 
reaction chamber for two different heat array designs. 
 
Based on a previously integrated thermal system design [120], the Pt heater array 
was remodeled and redesigned. A 2D heat transport model has been established in 
FEMLAB 3.1 (Fig. 5.1A). The heat is generated by the integrated Pt heater array. 
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The chip is passively cooled by heat conduction through the substrate to an 
aluminum heat sink and by natural convection from the lid. Therefore, the 
boardary condition of the model is set as: The temperature at the substrate bottom 
is fixed as 25 °C, the rest edges are natural convected with ambient. All the real 
dimensions of the chip and the packaging are applied in the model. The material 
properties of the materials in the model are listed in the Table 5.1.  
 
 Borosilicate water SU-8 PDMS PMMA 
Thermal conductivity λ 
(Wm-1K-1) 

1.1 0.6 0.2 0.15 0.19 

Density ρ (Kgm-3) 2200 1000 1200 970 1200 
Specific heat capacity c 
(JKg-1K-1) 

700 4200 1500 1460 1460 

Layer thickness (mm) 1.0 0.4 0.4 1.0 2.0 
 
There is extra heat loss at the edges of the chamber. To avoid the detrimental 
effect of a “cold wall”, the integrated Pt heater array was designed to generate a 
1.1 times higher heat density at the edges by reducing either the heater width or 
the distance between the heaters, and by extending the heaters outside of the 
chamber. The simulation results (Fig. 5.1B) show a much better temperature 
profile for the non-uniform heat source than for the uniform one. The 
homogeneous temperature area (within ± 0.5 °C variation at 94 °C) inside the 
chamber has been expanded three times (from 16 mm2 to 49 mm2) in comparison 
to the previous design. [120] 
 
5.2.2 Chip design, fabrication and packaging 
The fabrication of the real-time PCR microchip (18 mm × 18 mm) is a three-mask 
process as described previously. [120] Firstly, the electrodes (100 Å Ti, 200 nm 
Pt) for the integrated heater array and thermometer were deposited on a 1000 μm 
Pyrex substrate (Schott Corporation, Germany) by e-beam evaporation and 
defined in a standard lift-off process. Secondly, on top of the metal layer, a 5 μm 
SU-8 (XP2005, MicroChem, USA) protection layer was fabricated to serve as the 
chamber floor. Finally, the 8 mm × 8 mm reaction chamber (25 μl) and optical 
systems were defined by a standard photolithography in a 400 μm thick SU-8 
(XP2075, MicroChem, USA) layer (refractive index n = 1.59). The chip structure 
is shown in Fig. 5.2. 
 
The reaction chamber was hermetically sealed by a 1 mm thick PDMS lid with a 
refractive index n = 1.4, which also provides top cladding for the waveguides. The 
substrate (n = 1.46) provides the buffer layer of the waveguides, while the PCR 
mix (n = 1.32) provides the vertical side claddings of the 200 μm wide 

 57



Chapter 5: Towards a portable microchip system with integrated thermal control 
and polymer waveguides for real-time PCR 

waveguides. The SU-8 layer thickness was adjusted to readily accommodate 400 
μm outer diameter optical fibers (FVP300330370, Polymicro technologies, 
L.L.C., USA) in the fiber couplers. The chip was finally packaged on a custom-
built aluminum heatsink for the passive cooling purpose. A thin layer of thermal 
conductivity paste (Dow Corning GMBH, USA) was administered to the backside 
of the chip to enhance thermal conduction. 
 

 
Figure 5.2. The layout sketch of the chip with integrated waveguides and thermal 
system. The thermal system consisted of an array of 104 Pt heaters and a 
thermometer integrated beneath a 5 μm thick SU-8 protection layer. The 
dimension of the reaction chamber is 8 mm × 8 mm × 0.4 mm, to form a 25 μl 
PCR reactor. On the microchip, 4 waveguides are placed inside the chamber for 
fluorescence detection. All the integrated optical elements (waveguides, couplers) 
are defined in the same SU-8 layer as the reaction chamber in one 
photolithography step. 
 
The electrodes on the chip were connected to the analog circuitry by two different 
types of probe pins. Thin (0.37 mm diameter) probe pins (SS-30-J-1.3-G, 
Interconnect devices, Inc., USA) were used to connect the four thin pads of the 4-
point thermometer sensor. Whereas thick (1.98 mm diameter) probe pins (S-4-C-
5-G, Interconnect devices, Inc., USA) were used to connect the four wide pads for 
the heater array for preventing current overloading at the connecting areas. A Lab-
view PID temperature-controlling program was used to control the power of the 
integrated thermal system using a 15W custom-built power supply. 
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5.2.3 Primers and real-time PCR conditions 
Bacterial chromosomal DNA was isolated from a Campylobacter culture on blood 
agar substrate incubated for 24 hours under micro-aerobic conditions (6% O2, 6% 
CO2, 4% H2, and 84% N2) at 42°C as previously described. [120] The DNA was 
eluted in 100 µl of pre-heated (65°C) sterile water. DNA concentrations were 
determined by optical density (OD) measurements at 260 nm [174] using a 
spectrophotometer (Ultrospec 2000, Pharmacia Biotech, Cambridge, UK) and the 
DNA preparations were stored at – 20 °C until use. For the testing of the real-time 
PCR on the PCR microchip, a Campylobacter jejuni DNA template concentration 
series (2, 10, 20, 100, and 200 pg/μl) was prepared. 
 
Two primers, namely F2B with sequences 5’-TGG AGG GTA ATT TAG ATA 
TG-3’ and R1B with sequences 5’-CTA ATA CCT AAA GTT GAA AC-3’ 
(synthesized by TAG Copenhagen, Inc., Denmark) were used to amplify a 398 bp 
amplicon of the Campylobacter jejuni cadF gene. PCR mixtures (50 µl) contained 
0.1 µM (each) dATP, dCTP, dGTP and dTTP (TAG Copenhagen, Inc., Denmark), 
2 µM MgCl2 (Roche Diagnostics Corporation, USA), 12.5 nM of each primer 
(DNA Technology, Aarhus, Denmark), ×1 PCR buffer (Roche Diagnostics 
Corporation, USA) and 25 U/ml of Taq DNA polymerase (Sigma, USA), 1 μg/μL 
non-acetylated bovine serum albumin (BSA) (Sigma, USA) and DNA template. 
Two different DNA binding dyes, SYTOX Orange (ex 547nm/em 570nm) and 
TO-PRO-3 (ex 642nm/em 661nm) (Molecular probes, Inc., USA), were added 
into the PCR mix (200 nM each) for the real-time PCR detections. 
 
Of the 50 µl prepared PCR master mix, 25 μl were used for the real-time PCR on 
the PCR microchip while the rest was used for a conventional real-time PCR 
using a commercial real-time PCR machine (Chromo4®, MJ Research, Inc., USA) 
as control. The PCR conditions were: one cycle at 95 °C for 2 minutes, followed 
by 40 cycles of 94 °C for 15 seconds, 50 °C for 15 seconds and 72 °C for 15 
seconds, and ending with a 2 minute elongation stage at 72 °C. 
 
5.2.4 Optical system 
For the real-time PCR measurements on chip, a 60 mW diode pumped solid-state 
green laser (535 nm) (DPSSL-60, Viasho, P.R. China) and a 5 mW He-Ne laser 
(633 nm) (25-LHR-151-230, Melles Griot, USA) were used to provide two 
different excitation wavelengths. Two different types of photomultiplier tubes 
(PMT) from Hamamatsu, Japan, a H5784 (for the 535 nm excitation light) and a 
H5784-01 (for the 633 nm excitation light), were used to measure the fluorescent 
signals at the two different wavelengths. A 5 mm × 5 mm × 2 mm FGL550S long 
pass filter (cut from a 50 mm × 50 mm filter slide obtained from Thorlabs Inc., 
USA) was placed in front of the aperture of the PMT SMA adapter (E5776-51, 
Hamamatsu, Japan) for filtering of 535 nm excitation light, while a 5 mm × 5 mm 
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× 3 mm LP645 long pass filter (cut from a 50 mm × 50 mm filter slide obtained 
from Melles Griot, USA) was placed in front of the aperture of another PMT 
SMA adapter for filtering of 633 nm excitation light. To avoid photo bleaching of 
the fluorescence dyes, a custom-modified chopping blade with a 3% duty cycle 
was placed in front of the lasers. A SR540 chopper controller (Stanford Research 
Systems, Inc., USA) was used to manipulate the chopper. 
 

5.3 Results and discussions 
In this paper, a real-time PCR microchip with an integrated thermal system and a 
polymer-based optical detection system is presented. The fluorescence from the 
real-time PCR is measured using a pair of waveguides. The waveguides, one for 
introducing excitation light, and the other for receiving the fluorescent signals, are 
placed perpendicular to each other to avoid collection of too much excitation 
light. Together they define a detection point (Fig. 5.2). The distance between two 
waveguide ends is kept short (200 μm), since the measured fluorescent signal 
intensity is inversely proportional to the detection distance squared. Two such 
pairs of waveguides were integrated at different positions inside the reaction 
chamber to locally monitor the fluorescence intensity. The design with two pairs 
of integrated waveguides provides the ability to monitor two different 
wavelengths in multiplex real-time PCR applications and can easily be modified 
to detect fluorescent signals at any desired location inside the PCR reaction 
chamber. 
 
All parts of the integrated optical system in the real time PCR microchip are made 
from SU-8, and the selection of suitable DNA binding dyes according to the 
optical properties of SU-8 is therefore a crucial step. SYBR Green I is the most 
common DNA binding dye used in real-time PCR [107, 108, 175], and it is 
excited by a blue light source (e.g. an Ar-ion laser with a wavelength of 488nm). 
However, SYBR Green I is not a suitable dye for the real time PCR microchip 
described here since SU-8 has very high light absorption and high fluorescence 
background at low wavelengths (less than 500 nm). [24, 153] To avoid this 
problem, two other DNA binding dyes, SYTOX Orange (ex 547nm/em 570nm) 
and TO-PRO-3 (ex 642nm/em 661nm) with longer excitation and emission 
wavelengths were selected for testing the real-time PCR microchip. Tests in 
conventional real-time PCR showed that the two dyes were thermally stable and 
showed very low PCR inhibition (unpublished data).  
 
In initial experiments, the melting curves were determined by mixing the DNA 
binding dyes with the DNA fragment from a PCR reaction. At the melting point 
of the DNA fragment, where the double strand DNA melts to single strand DNA, 
the fluorescent signals decrease significantly, since the DNA binding dyes are 
only fluorescent when bound to double strand DNA. Using the real-time PCR 
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microchip with a temperature ramp (from 35 °C to 95 °C with 2 °C/min), the 
melting curve of the DNA fragment could be determined. The result of such an 
experiment with SYTOX Orange labeled DNA is shown in Fig. 5.3. The melting 
point was determined by differentiating the registered melting curve, and the 
melting point (83 °C) measured on the real-time PCR chip is the same as 
measured on the conventional Chromo4® real-time PCR thermal cycler. The 
presented approach shows good sensitivity for the fluorescence measurements 
during the thermal process. 
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Figure 5.3. Melting curve measurement of the 398 bp amplicon of Campylobacter 
jejuni cadF gene using SYTOX Orange. A temperature program from 35 ºC to 95 
ºC with a ramp of 2 ºC/min was used. The gradual decrease in signal in the range 
from 35 ºC to 80 ºC is due to the temperature-dependence of the fluorescence. The 
following steep decrease depicts the melting process of the PCR product. The 
melting point was determined by differentiating the melting curve (dFL/dTemp), 
and the melting point was found to be 83 °C. 
 
DNA binding dye will bind to the dsDNA of any PCR product. Therefore, 
specific fluorescence probes (labeled ss-DNA oligonucleotides) are normally 
required to distinguish the different products in a multiplex real-time PCR. 
However, the costs of the fluorescent DNA binding dyes are much lower than 
those of the specific fluorescent probes, and in some cases the probes require the 
use of an expensive specific enzyme. Furthermore, the requirements for 
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optimization of the PCR protocol are less stringent when using the DNA binding 
dyes. In addition, by measuring the melting curve after the real-time PCR, the 
PCR product can be examined in situ without further post-PCR analysis (e.g. 
DNA gel electrophoresis), while it is not possible when using fluorescence 
probes. The DNA binding dyes were therefore selected for preliminary testing of 
the real-time PCR microchip. 
 
During the real-time PCR experiments, two different colored fluorescent DNA 
binding dyes (SYTOX Orange and TO-PRO-3) were added into the PCR mixture 
to monitor the reactions on chip. A typical data profile of the real-time PCR 
labeled with TO-PRO-3 is shown in Fig. 5.4. The three stages of a PCR cycle (15 
seconds denaturation at 94 °C, 15 seconds annealing at 50 °C and 15 seconds 
elongation at 72 °C) can clearly be distinguished. 
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Figure 5.4. A typical on-chip real-time PCR data profile using TOPRO-3. Due to 
the thermal dependence of the fluorescent intensity of the dyes, the three stages of 
the PCR cycle can be clearly distinguished by fluorescence measurements using 
the integrated waveguides. The fluorescence signal traces correspond perfectly to 
the measured temperature profile in the chip. 
 
In this approach, the temperature deviation during the temperature switching is 
less than 0.5 °C. Such tiny deviations are mainly caused by over compensation 
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through the PID control algorithm. A more accurate feedback control algorithm 
may eliminate it. The PCR thermocycling has been optimized previously in order 
to decrease the cycling time. [121] The achievement of fast cooling (20 ± 2 °C/s) 
and heating (11 ± 1 °C/s) rates reduced the whole PCR process on-chip to only 30 
- 40 minutes in comparison to one and a half hours on a conventional PCR 
thermocycler (Chromo4®, MJ Research, Inc., USA). Therefore, this prototype can 
be developed towards a portable Lab-on-a-chip system for rapid screening of 
pathogens in the field. 
 
Possible surface induced inhibition is always a critical issue in microfabricated 
PCR devices [120, 176-179]. To avoid any inhibition from the SU-8 surface, 1 
μg/μL non-acetylated bovine serum albumin (BSA) was added to the PCR mix. 
The BSA suppresses the interaction of the PCR reagents with the SU-8 surface 
and thus prevents inhibition. The non-acetylated BSA did not add to the 
background fluorescent. Furthermore, the applied dye concentrations in the PCR 
mixture are optimized and limited to 200 nM to avoid any PCR inhibition effects. 
 
By taking the mean fluorescent signal value during the elongation period of each 
thermal cycle, the relative PCR product concentration for each PCR cycle can be 
determined quantitatively. The results of real-time PCR on chip using SYTOX 
Orange to detect the Campylobacter jejuni cadF gene [170] for different DNA 
template concentrations (from 2 to 200 ng/mL corresponding to about 2.8 × 104 – 
2.8 × 107 Campylobacter genome equivalents per chip) are shown in Fig. 5.5A. 
Results of gel electrophoresis for the PCR products, both on chip and in tube, are 
shown in Fig. 5.5B. The PCR cycle threshold values (CT) for the different DNA 
template concentrations can be clearly determined from the real-time PCR profile. 
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Figure 5.5. A: Results from real-time PCR on chip to amplify the 398 bp 
amplicon on the Campylobacter jejuni cadF gene using SYTOX Orange. 0.: 
negative control on chip; 1-5.:real-time PCR on chip for detection of the 
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Campylobacter jejuni DNA template series (2, 10, 20, 100, and 200 ng/mL); B: 
Results for gel electrophoresis on an Agilent Bioanalyzer DNA500 chip. L: DNA 
marker ladder (15-600bp); -.: negative control in tube; +.: positive control in 
tube; numbers correspond to the samples mentioned above. 
 
The CT value represents the cycle number at which the PCR product concentration 
is above the threshold level, as shown in equation (5.1). 

TC
T ConcConc )1(0 ε+×=     (5.1) 

Where ConcT and Conc0 are the concentrations of PCR product at the threshold 
level and the initial template concentration, respectively, and ε is the PCR reaction 
efficiency. If the efficiency is 100% the concentration will double for each 
thermocycle, but in practice the efficiency will often be somewhat lower. Since 
the threshold level is constant, the CT value should be proportional to the 
logarithm of the PCR template concentration. 

bConcmLogCT += )( 0     (5.2) 
Where m = -(log(1+ε))-1 and b = (log(2ε))-1log(ConcT). The efficiency of the PCR 
reaction can be determined from the parameter m using equation (5.3): 

110 /1 −= − mε      (5.3) 
Ideally, the final PCR product concentration as measured by gel electrophoresis 
should be proportional to the PCR template concentration, as shown in equation 
(5.4). 

kConcConcConc EndC
product ×=+×= 00 )1( ε   (5.4) 

where Concproduct is the concentration of the PCR product after CEnd thermo cycles 
and k = (1+ε)Cend. 
 
The results obtained from the real-time PCR microchips showed the expected 
logarithmic correlation between CT and the DNA template concentration (Fig. 
5.6A), and the expected linear correlation between the PCR product concentration 
and the DNA template concentration (Fig. 5.6B) for both dyes. Linear regression 
of the CT vs. Log(Conc0) plot according to equation (5.2) yields m = -3.95 and b = 
30.7 for SYTOX Orange, and m = -4.41 and b = 34.7 for TO-PRO-3. By using 
equation (5.3) the reaction efficiency can be calculated to be 79% and 69% for 
SYTOX Orange and TO-PRO-3, respectively. The lower efficiency measured for 
TO-PRO-3 may indicate that this dye inhibits the reaction more than SYTOX 
Orange under the same conditions. Control PCR reactions in tubes on a 
conventional PCR thermocycler were performed in parallel. The results of these 
controls were: m = -3.56 and b = 28.1 for SYTOX Orange, and m = -3.59 and b = 
32.4 for TO-PRO-3, corresponding to a reaction efficiency of 90% and 89% for 
SYTOX Orange and TO-PRO-3, respectively. The parameter b represents the 
expected CT value of a sample with 1 pg/μL DNA template. 
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The CT value measurements (Fig. 5.6A) provide more accurate information about 
the initial DNA template concentrations than the measurements of the final PCR 
product concentration (Fig. 5.6B). These results are in agreement with the 
literature. [105, 106] Furthermore, the dynamic range of the CT value 
measurements can be extremely high: more than six orders of magnitude. [105, 
106] 
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Figure 5.6. Two DNA binding dyes (SYTOX Orange and TO-PRO-3) with 
different excitation wavelengths were used for detection of the Campylobacter 
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jejuni cadF gene on the real-time PCR chip. A: The internal assay (CT) for both 
dyes shows good linear relationships with the logarithm of the DNA template 
concentration series; B: The external end-point assay results (obtained via DNA 
gel electrophoresis) can only indicate the trend of the DNA template 
concentrations. 
 
The PCR efficiency on microchip is about 10% lower than the conventional PCR 
in tube. This is probably manly due to the high surface to volume ratio problem 
and surface inhibition [121] However, the detection limit of the PCR microchip is 
sufficient for the Campylobacter jejuni detection. A better surface to volume ratio 
consideration design and good surface coating that may provide an even higher 
PCR efficiency of this microchip are focus points for further development of the 
PCR microchip. 
 

5.4 Conclusions 
To our knowledge, this is the first time monitoring of real-time PCR using 
integrated optical elements in a lab-on-a-chip system has been demonstrated. All 
the integrated polymer optical systems were defined in the same SU-8 layer as the 
PCR reaction chamber, without any extra mask step. By using two fluorescent 
DNA binding dyes with suitable excitation and emission spectra (SYTOX Orange 
and TO-PRO-3), the progression of the PCR amplification could be followed 
efficiently. The measured CT value on the chip provided more accurate 
quantitative information about the initial DNA template concentrations in 
comparison to the conventional post PCR analysis by capillary gel 
electrophoresis. The integrated optical system described in this study allows real-
time monitoring of the reaction dynamics at any location inside the micro reaction 
system and can be integrated into various types of microchips to facilitate real-
time monitoring for a number of different purposes. Integration of thermal control 
and polymer waveguides for real-time PCR is thus an important step toward a 
portable microchip system for pathogen detection. 
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Abstract  
There is an even increasing need to find surfaces that are biocompatible for 
application like medical implants and the microfluidics based cell culture systems. 
The biocompatibility of totally five different surfaces was determined using gene 
expression profiling as well as more conventional methods to determine 
biocompatibility like, cellular growth rate, morphology and the hydrophobicity of 
the surfaces. HeLa cells grown on polymethylmethacrylate (PMMA) or a SU-8 
surface treated with HNO3-CAN and ethanolamine showed no differences in 
growth rate, morphology or gene expression profiles as compared to HeLa cells 
grown in cell culture flasks. Cells grown on SU-8 treated with only HNO3-CAN 
showed almost the same growth rate (36±1 h) and similar morphology as cells 
grown in cell culture flask (32±1 h), indicating good biocompatibility. However, 
more than 200 genes showed different expression levels in cells grown on SU-8 
treated with HNO3-CAN compared to cell grown on cell culture flask. This shows 
that gene expression profiling is a simple and precise method to determine 
differences that is otherwise difficult to find using conventional methods in cells 
grown on different surfaces. It is particularly noteworthy that no correlation was 
found between surface hydrophobicity and biocompatibility. 
 
Keywords: SU-8, Surface modification, Contact angle, Cell culture, Cell 

patterning, Gene expression, Microarray 

6.1 Introduction 
Polymeric materials (e.g., polymethylmethacrylate (PMMA)) have been used 
since the 1960s in orthopedic surgery. [180] More recently, polymer materials 
have been used in micro total analysis systems (µTAS) for cell biology research. 
[127, 181, 182] Culturing cells in vitro requires biocompatible surfaces. [183] A 
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biocompatible surface is a surface without of both negative (cytotoxic) and 
positive effects with regard to biofunctionality, i.e., the promotion or obstruction 
of biological processes compared to a reference surface. [128, 129, 184] Surfaces 
can be rendered biocompatible for tissue and cell culturing studies by coating 
them with fibronectin [130-132] or hydrophilic polymer materials [133], or 
treating them with O2 plasma [134]. However, those coating processes may be 
laborious and expensive, and the coating may prove unstable over time.  
 
Cytotoxicity determination is an important aspect in biomaterial testing standards 
such as those proposed by the International Organization for Standardization 
(ISO) and the American Society for Testing and Materials (ASTM). However, the 
absence of cytotoxicity as, e.g., measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) test [185] or the fluorescent membrane 
integrity test (FMIT) [136], does not necessarily imply that a biomaterial 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 biomaterial. The biocompatibility of a 
material has been related to cellular functions like adhesion [136-138] and 
spreading [139] on the surface, proliferation rate [138], metabolic activity [138], 
surface inhomogeneity and moderate wettability [135]. However, as evident in 
some reports, increasing the surface wettability does not necessarily correspond to 
an increased biocompatibility. [140, 141] 
 
As an epoxy-based negative constructional photoresist, SU-8 is widely used for 
fabricating microstructures in various μTAS devices because of its excellent 
chemical stability, optical properties and fast fabrication process. [24, 28, 29, 152, 
186, 187] However, the SU-8 epoxy surface is not biocompatible. [188] Coating 
of the SU-8 surface with polymers [120, 166] have been reported to result in 
temporary biocompatibility. Chemical treatments have the potential to modify the 
SU-8 surface properties for extended periods of time, and can easily be combined 
with other micro fabrication processes. The epoxy moieties on the SU-8 surface 
are generally not reactive with standard corrodents (e.g., THF, HCl or HNO3) [26, 
27], reflecting the pronounced chemical stability of SU-8. However, with the 
catalyst ceric ammonium nitrate (CAN, (NH4)2Ce(NO3)6), the epoxy rings was 
reported to open under the reaction with HNO3 [189] or acetic acid [190]. 
Recently such reaction mechanism was applied to render SU-8 hydrophilic for 
using in micro channel fabrication. [190] 
 
Gene expression profiling using DNA microarrays has been widely used in the 
past 10 years to unravel molecular events within cell cycle regulation [191, 192], 
response to growth factors [193] and cellular responses to irradiation [194]. DNA 
microarrays are used as cancer classifiers [195-198] because there is strong 
evidence that the gene expression profile differs in cancer cells compared to their 
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“normal” counterparts. The DNA microarrays normally used consist of DNA 
probes that is complementary to about 40,000 genes or possible genes. In one 
batch process, the expression level of these 40,000 genes in a particular 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 of a cell. [199] This became apparent when studying changes in gene-
expression in MG63 osteoblast-like cells grown on zirconium oxide [200] where 
genes involved in immunity, cell cycle, and vesicular transport showed significant 
changes compared to the reference system. 
 
In this report, we compare different methods to determine biocompatibility such 
as contact angle measurements and aspects of mammalian cell culturing 
(including morphology and growth kinetics) and whole genome expression 
profiling. The biocompatibility methods were tested using cells grown on 
modified and unmodified SU-8 as well as on unmodified PMMA. 
 

6.2 Results and discussions 
6.2.1 Surface modifications 
Because SU-8 and PMMA are popular materials for building microfluidics 
structure [29], these materials were evaluated in biocompatibility tests and 
compared to polystyrene (PS) cell culture flasks. SU-8 as well as PMMA is highly 
hydrophobic, suggesting that they may be less suitable for cell growth. [129] 
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. 6.1: The HNO3-CAN treatment opens the SU-8 epoxy groups and converts 
them into nitro groups. [189] This surface can subsequently be modified with 
ethanolamine (Fig. 6.1). [190] 

 
Figure 6.1. 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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The water contact angle was measured on the differently modified SU-8 surfaces, 
on PMMA and on PS cell culturing flasks. Treatment of SU-8 with HNO3-CAN 
decreased the contact angle from 95 ° to 45 ° (Fig. 6.2). 
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Figure 6.2. 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. 
 
The contact angle of SU-8 could be further decreased to 25 ° by treating SU-8 
first with HNO3-CAN and then with ethanolamine. 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 back to about 50° after 
storage at room temperature for two months. In contrast, the surface of SU-8 
treated with HNO3-CAN was chemically stable over time as determined by 
contact angle measurements. Furthermore, it also tolerated the ultrasonic agitation 
lift-off process of photoresist in acetone. The contact angle of a PMMA sheet was 
measured to be 85° and the PS cell culturing flask was determined to be 56 ° (Fig. 
6.2). These two surfaces were served as control surfaces for the study of the 
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differently treated SU-8 surfaces. As contact angles measured on a dry surface 
hardly reflect the environment encountered by the cells during culturing, the 
different surfaces were exposed to 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 that was less than 15° (Fig. 6.2). 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 because PCR microchips made in 
SU-8 and PMMA require at least two fold more enzyme to sustain PCR reactions 
[120, 121]. Furthermore, both SU-8 and PMMA can directly form covalent bonds 
with single stranded amino modified DNA [153, 201], indicating that these 
surfaces are reactive to amine containing biomolecules such as DNA and proteins. 
 
6.2.2 Morphology and growth kinetics 
 

 
Figure 6.3. 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 samples were incubated for 4 days in the incubator. 
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 and the cell counts were averaged. The 
error bars represent the standard deviation. The number of attached cells was 
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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. 
 
Five different surfaces (Fig. 6.2) 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 high generation time of 147 ± 56 hours, 
indicating an unusual slow growth compared to the reference cell culture flask, 
which had a generation time of 32 ± 1 hours (Fig. 6.3). The images show that the 
few cells attached 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 ± 1 hours (Fig. 6.3). By contrast, SU-8 
surfaces treated with HNO3-CAN and ethanolamine sustained cell growth rates, 
indistinguishable from cell growth rates in a cell culturing flask. Both surfaces 
resulted in a cell generation time of approximately 32 hours. The morphologies of 
cells cultured on the SU-8 surface treated with HNO3-CAN closely resembled the 
morphology of cells cultured on SU-8 surface treated with HNO3-CAN and 
ethanolamine and the culture flask surface (supplement Figure 1-2). Similar to 
cells grown on SU-8 treated with HNO3-CAN and ethanolamine, cells grown on 
PMMA showed no differences in morphology or growth rate compared to cells 
grown in cell culture flasks. These results show that the growth rate does not 
correlate with the hydrophobicity of the investigated surfaces. PMMA had, for 
instance, a higher initial hydrophobicity than SU-8 treated with HNO3-CAN and 
ethanolamine (Fig. 6.2). Incubating the surfaces with cell culturing medium 
resulted in a similar hydrophobicity (15 °C) for all the surfaces, suggesting that all 
surfaces should sustain growth with similar efficiency. However, this was not 
observed. 
 
SU-8 might be releasing chemical factors such as residual solvents or monomers 
from the polymerization and lithographical processes. Such factors might be 
responsible for the different growth kinetics as well as the differences in 
morphology observed on the different SU-8 surfaces tested. The existence of such 
factors was tested by growing cells on SU-8 samples that were patterned 
chemically so that the samples contained small checkerboard or circular areas that 
were biocompatible. Such 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 had not been exposed to HNO3-CAN and ethanolamine. Two 
or three cells were observed in 50 µm × 50 µm patterned squares, while no or few 
cells were observed on adjacent untreated surfaces (Fig. 6.4A). After cell division, 
cells on the patterned areas decreased in either size or attachment area, rather than 
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colonizing on untreated SU-8. 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. 6.4B). Taken together these results 
demonstrate that SU-8 can be patterned with defined areas that sustain cell growth 
using the suggested novel method and that chemicals diffusing out of the bulk 
material are not causing the lack of growth on untreated SU-8 since cells 
separated by only one or two µm displayed different morphologies and growth 
rates.  
 

 
 
Figure 6.4. 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. 
 
6.2.3 Whole genome expression profile comparison of cells grown on 
different surfaces 
DNA microarray analysis was used to determine the differences in gene 
expression profile on cells cultured on various surfaces. Therefore, the gene 
expression profiles of cells cultured on PMMA, SU-8, SU-8 treated with HNO3-
CAN, and SU-8 treated with HNO3-CAN and ethanolamine were determined and 
compared with the gene expression profiles of cells cultured on PS cell culturing 
flasks. Whole genome expression profiles were generated using DNA microarrays 
carrying 60 bases long oligo probes directed against the entire human 
transcriptome (44290 probes in total). To estimate the amount of noise, two self-
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self hybridizations were performed using cDNA generated only from cells 
cultured in culture flasks. The results showed that 40 genes had more than a two-
fold difference in expression level. However, no genes showed more than three 
fold difference in expression level (Fig. 6.5 A-B), and a cut-off of three fold was 
therefore used for detection of significant up- or down regulation. Scatter plots of 
the resulting hybridization intensities indicated that cells grown on untreated SU-8 
and HNO3-CAN treated SU-8 (Fig. 6.5 C-D) had significantly different gene 
expression profiles (i.e., genes with more than three-fold higher or lower 
expression levels) compared to cells grown in cell culture flasks (Fig. 6.5 A-B). 
Thirty-one genes were up-regulated in cells cultured on untreated SU-8 (Fig. 6.5 
H), while 13 were down-regulated (Fig. 6.5 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 grown on SU-8 
treated with HNO3-CAN. In addition, 42 genes were up-regulated and 149 genes 
were down-regulated in cells cultured on SU-8 treated with HNO3-CAN 
compared to cells grown on the culture flask surface. In contrast, none of the 
genes in cells cultured on SU-8 treated with HNO3-CAN and ethanolamine were 
significantly up- or down-regulated (Fig. 6.5 E). Similar to cells grown on SU-8 
treated with HNO3-CAN and ethanolamine, cells grown on PMMA showed no 
change in gene expression compared to cells grown in cell culture flasks (Fig. 6.5 
F-G). This observation is consistent with previous finding where a cell culture 
chip fabricated in PMMA [181] was found to result in culture conditions 
indistinguishable from the culture flasks [182]. All the regulated genes are 
summarized in Supplementary Table 1. 
 
Although both the cell morphology and growth kinetics of HeLa cells cultured on 
HNO3-CAN treated SU-8 surface were similar to the reference culture flask 
surface the whole genome expression profile indicates significant differences. The 
differences may arise from the different chemical functional groups on the 
surfaces (i.e. nitrato radicals) or differences in surface charge densities. [129] Cell 
grown of SU-8 treated with HNO3-CAN showed up-regulation of Rho guanine 
nucleotide exchange factor 15 (ARHGEF15), which encodes a specific guanine 
nucleotide exchange factor for RhoA. Because RhoA is inhibiting cellular 
spreading [202], this up-regulation indicates that cell spreading and migration 
might be down-regulated on HNO3-CAN treated SU-8 relative to the culture flask. 
Furthermore, histone deacetylase 4 (HDAC4) was found up-regulated indicating 
changes in transcriptional regulation or cell cycle progression, as histone 
deacetylation is a mechanim for epigenetic repression. Various DNA binding 
proteins was found up-regulated as well as the anti-apoptotic junD proto-
oncogene (JUND) indicating an increased stress stimuli. [203] Among the down 
regulated genes in cells cultured on HNO3-CAN treated SU-8 were the 
transcription factor BTF3 required for initiation of transcription [204], beta actin, 
tubulin alpha chain and a dynamin like protein involved in the microtubule 
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formation. This is consistent with the observed reduced growth kinetics. 
Interestingly, both tubulin and alpha actin was also found to be down-regulated in 
HeLa cells cultured on co-polymer films with contact angle between 53 and 57 ° 
compared to the cell culture flask. [199] We measured the contact angle of cell 
culture flasks to 57 ° indicating that chemistry more than hydrophobicity 
determines gene expression in cells. 
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Figure 6.5. Scatter plots of whole human genome expression profiles following 
four days culture on different surfaces. In all scatter plots the central line is the 
median and the upper and lower lines represent a fold change of 3 up and down, 
respectively. Data originating from the Cy-5 channel were plotted on the y-axis 
while the corresponding Cy-3 data were plotted on the x-axis. 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 
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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 fold changes were measured relative to the 
reference cell culture flask. I: Same as H but for down regulated genes. The entire 
list of regulated gene names and description is available in the Supplementary 
Table 1. 
 
Ideally, the effect of foreign surfaces on the cells cultured on them should be 
minimal or preferably none. In the case of medical implants, changes in cellular 
gene expression can result in cells responding differently to stimuli than normal 
cells, which can lead to cancer or other undesired side effects. In in vitro systems, 
it is advantageous to find environments that closely reflect the in vivo situation. 
The in vitro cultured cells should be functionally comparable to the corresponding 
cells grown in vivo. [184] Our results show that gene expression profiling is better 
than conventional functional studies like cell growth and morphology to 
determine biocompatibility. This is illustrated by the fact that cells grown on a test 
surface can show similar cell attachment, morphology and cell growth rate as cells 
grown on a reference surface, but still show significant differences in terms of 
gene expression. Without doubt, the cells grown on SU-8 surfaces treated only 
with HNO3-CAN had a similar morphology and almost equal growth rate to cells 
grown on PMMA, cell culture flask material, and SU-8 treated with HNO3-CAN 
and ethanolamine. Based on growth rate and morphology it is therefore difficult to 
rule out SU-8 treated with only HNO3-CAN as a surface suitable for cell studies. 
Gene expression profiling, however, strongly showed that SU-8 treated with only 
HNO3-CAN results in surfaces that affect cells so much as to render them 
significantly different in terms of gene expression from cells grown on either 
PMMA, cell culture flask material or SU-8 treated with HNO3-CAN and 
ethanolamine. In contrast, cells grown on the three latter surfaces are very similar 
in terms of growth rate and morphology and also in terms of gene expression 
profiles. These three surfaces apparently provide comparable culturing conditions 
for the cells. It is however, still possible that differences on the protein level or 
function exist in cells grown on PMMA, cell culture flask material and SU-8 
treated with HNO3-CAN and ethanolamine. This cannot directly be determined 
using DNA microarrays, indicating that protein microarrays may be a better 
choice for analyzing biocompatibility in the future. Such protein microarrays may 
also detect secondary modifications on proteins induced by surfaces. Protein 
arrays are, however, less comprehensive than DNA microarrays [205], making 
DNA microarrays the best analysis tool currently. 
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6.3 Experimental section 
6.3.1 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 10 seconds UV 
flood exposure (9 mW/cm2 at 365nm) and a post-bake process (on 95 ºC hotplate 
for 10 minutes with a 10 minutes ramp). 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 one 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 with MilliQ water and dried. 
 
6.3.2 Water contact angle measurements 
Contact angles between the different surfaces and MilliQ water were measured by 
a commercial contact angle measurement instrument DSA 10 MK2 (Krüss 
GMBH, Germany). 
 
6.3.3 Patterning on SU-8 surface 
A two-step photolithography process was established to create the hydrophilic 
patterns on an otherwise hydrophobic SU-8 surface for the cell patterning 
experiments. A 1.5 μm layer of AZ5214e photoresist (Honeywell, U.S.A.) film 
was deposited on a fully developed 5 µm SU-8 layer by spin coating. The patterns 
on the AZ5214e photoresist were defined by standard UV lithography, and 
developed. Then, the whole wafer was dipped into the HNO3-CAN solution for 
the first step of the surface treatment. After the HNO3-CAN treatment, the 
AZ5214e photoresist layer was lifted off in acetone (Fluka, Germany), with 4 
minutes of ultrasonic agitation. Finally, the whole wafer was dipped into the 
ethanolamine solution to finish the second step of the surface treatment. 
Incubation of untreated SU-8 with ethanolamine did not change the contact angle. 
The contact angle was only observed to decrease upon prior reaction with HNO3-
CAN. Thus, on the SU-8 surface, patterned areas were rendered hydrophilic for 
cell attachment while the remaining areas kept their original hydrophobic 
character. 
 
6.3.4 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 
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incubator. Seeding of the cells was performed with a density of 6700 cells per cm2 
and the cells were passaged every three to four days when around 90 % 
confluence was reached, by trypsinization. 
 
6.3.5 Target cDNA preparation 
Total RNA was isolated with the RNeasy total RNA isolation kit (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 [206], using random nonamers as primers. 
 
6.3.6 Microarray hybridization 
Slides containing 44,290 60 bp long oligos directed against the human genome 
were obtained (Agilent Technologies, USA.). Hybridization was performed 
according to the supplier’s instructions using 200 pmol of each of the differently 
Cy-labeled cDNA in a hybridization chamber (Agilent) containing a total of 490 
μL hybridization solution (Agilent). 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 rotation (~ 4 
rpm). 
 
Following hybridization the slides were washed in washing solution 1 (6 x SSC 
(AppliChem, Germany), 0.005 % Triton-X-102 (Agilent)) for 10 minutes at room 
temperature followed by 5 minutes wash in wash solution 2 (0.1 x SSC 
(AppliChem, Germany), 0.005 % Triton-X-102 (Agilent)) at 4 °C. All the 
washing steps were performed 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). 
 
6.3.7 Data analysis 
The data was normalized using the non-linear method Qspline [207] included in 
the affy software package (version 1.6.7) [208] in Bioconductor software 
extension package version 1.6 [209] run under the freeware statistical program R 
(version 2.1.1) [210]. Scatter plots of the co-hybridizations were constructed with 
the log2 values of the Cy-3 labeled cDNA hybridization intensities on the x-axis 
and the log2 values of the Cy-5 labeled cDNA on the y-axis. 
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6.4 Conclusion 
Examination of biocompatibility of the different SU-8 surfaces and PMMA 
showed that that contact angle measurements, morphological studies and growth 
kinetics might not be sufficient parameters for assessing the effect of the surfaces 
on cell functions. A surface, such as SU-8 treated with HNO3-CAN, can be 
biocompatible with respect to cell growth, morphology, and cell adhesion, while 
still inducing differences in gene expression in cells grown on this substrate 
compared to a reference substrate. Thus, comparing the whole genome expression 
profiles of cells cultured for several generations on a novel surface with identical 
cells cultured on a reference surface gives a better indication whether the cells can 
be regarded as biologically comparable to the reference cells. Furthermore, gene 
expression profiling can be used to determine if microfluidic systems 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 are identical to 
the gene expression profiles in cells in their natural environment. 
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Supplementary Figure 1. 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. The white rectangle indicates the area magnified in 
Supplementary Figure 2. 
 

A B C D

E F G H

A B C D

E F G H

 
Supplementary Figure 2. Magnification of the region indicated with a white 
rectangle in Supplementary Figure 1. 
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Supplementary Table 1: 
List of significantly regulated genes on cells cultured on SU-8 HNO3-CAN (SU-8 
CAN) and SU-8 surfaces relative to cell cultured in the culture flask. The number 
signifies the fold change of the gene in cells cultured on the indicated surface 
relative to the cell culture flask. 
 
Name class Desription SU8CAN SU8 

AF144054 Apoptosis 
Homo sapiens apoptosis related protein APR-4 
mRNA, partial cds. [AF144054] 3,300  

BM023129 Cell cycle 

BM023129 ie79h07.x1 Melton Normalized Human 
Islet 4 N4-HIS 1 Homo sapiens cDNA clone 
IMAGE:5673444 3' similar to SW:BUB3_MOUSE 
Q9WVA3 MITOTIC CHECKPOINT PROTEIN BUB3 
;, mRNA sequence [BM023129] 0.332  

TAGLN2 Differentiation
Homo sapiens transgelin 2 (TAGLN2), mRNA 
[NM_003564] 3.349  

HSPC065 Heat shock 
Homo sapiens HSPC065 protein (HSPC065), 
mRNA [NM_014157] 3.102  

CCL19 Ligand 
Homo sapiens chemokine (C-C motif) ligand 19 
(CCL19), mRNA [NM_006274] 3.800  

THC2045396 Membrane 
O00429 (O00429) Dynamin-like protein, partial 
(16%) [THC2045396] 0.131  

AW075437 Metabolism 

AW075437 xb23c01.x1 NCI_CGAP_Kid13 Homo 
sapiens cDNA clone IMAGE:2577120 3' similar to 
WP:C17G10.8 CE16861 FAT-3: ALCOHOL 
DEHYDROGENASE ;, mRNA sequence 
[AW075437] 0.314  

HAAO Metabolism 
Homo sapiens 3-hydroxyanthranilate 3,4-
dioxygenase (HAAO), mRNA [NM_012205] 4.733 3.885 

ABHD9 Metabolism 
Homo sapiens abhydrolase domain containing 9 
(ABHD9), mRNA [NM_024794] 3.689  

NPEPL1 Metabolism 
Homo sapiens aminopeptidase-like 1 (NPEPL1), 
mRNA [NM_024663] 3.837 4.054 

PNPO Metabolism 
Homo sapiens pyridoxine 5'-phosphate oxidase 
(PNPO), mRNA [NM_018129] 3.978  

SLC27A1 Metabolism 

Homo sapiens solute carrier family 27 (fatty acid 
transporter), member 1 (SLC27A1), mRNA 
[NM_198580] 3.066  

THC2159243 Metabolism 

RIB2_HUMAN (P04844) Dolichyl-
diphosphooligosaccharide--protein 
glycosyltransferase 63 kDa subunit precursor  
(Ribophorin II) (RPN-II) (RIBIIR) , partial (25%) 
[THC2159243] 0.311  

THC2200192 Metabolism 
THU1_HUMAN (Q9NXG2) THUMP domain 
containing protein 1, partial (69%) [THC2200192] 0.155  

AI918632 Metabolism 

ts32h01.x1 NCI_CGAP_Ut4 Homo sapiens cDNA 
clone IMAGE:2230321 3' similar to gb:X60221 ATP 
SYNTHASE B CHAIN, MITOCHONDRIAL 
PRECURSOR (HUMAN);, mRNA sequence 
[AI918632] 0.118  

AI267511 Mitochondria 

AI267511 aq65g08.x1 Stanley Frontal SN pool 2 
Homo sapiens cDNA clone IMAGE:2035838 similar 
to gb:X16560 CYTOCHROME C OXIDASE 
POLYPEPTIDE VIIC PRECURSOR (HUMAN);, 
mRNA sequence [AI267511] 0.294  
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AI961400 Mitochondria 

AI961400 wt22a12.x1 NCI_CGAP_Ut1 Homo 
sapiens cDNA clone IMAGE:2508190 3' similar to 
gb:X60036 MITOCHONDRIAL PHOSPHATE 
CARRIER PROTEIN PRECURSOR (HUMAN);, 
mRNA sequence [AI961400] 0.070  

THC2200745 Mitochondria 

DAAMTTGRG Damaliscus dorcas mitochondrial 
12S and 16S ribosomal RNA genes, and Phe-, Val-, 
and Leu-tRNA genes, partial (5%) [THC2200745] 0.074  

AI278811 Oncogene 

AI278811 qo50a11.x1 NCI_CGAP_Co8 Homo 
sapiens cDNA clone IMAGE:1911932 3' similar to 
gb:K02276 MYC PROTO-ONCOGENE PROTEIN 
(HUMAN);, mRNA sequence [AI278811] 0.164  

THC2134410 Oncogene 

AI732190 ae38f11.x5 Gessler Wilms tumor Homo 
sapiens cDNA clone IMAGE:898125 3', mRNA 
sequence [AI732190] 4.095  

AY117690 Oncogene 
Homo sapiens lung cancer oncogene 5 (HLC5) 
mRNA, complete cds. [AY117690] 0.312  

TMEFF2 Oncogene 
Homo sapiens mRNA for tomoregulin, complete 
cds. [AB004064] 0.305 0.104 

AY170823 Oncogene 
Homo sapiens transformation-related protein 2 
mRNA, complete cds. [AY170823] 0.303  

AI457687 Other 

AI457687 tj48g10.x1 
Soares_NSF_F8_9W_OT_PA_P_S1 Homo sapiens 
cDNA clone IMAGE:2144802 3' similar to 
TR:O22899 O22899 RNA HELICASE ISOLOG. ;, 
mRNA sequence [AI457687] 0.276  

AI937689 Other 

AI937689 wp82d09.x1 NCI_CGAP_Brn25 Homo 
sapiens cDNA clone IMAGE:2468273 3' similar to 
gb:M32886 SORCIN (HUMAN);, mRNA sequence 
[AI937689] 0.275  

ADM Other 
Homo sapiens adrenomedullin (ADM), mRNA 
[NM_001124] 3.745  

AF271776 Other 
Homo sapiens DC48 mRNA, complete cds. 
[AF271776] 0.227  

DPYSL3 Other 
Homo sapiens dihydropyrimidinase-like 3 
(DPYSL3), mRNA [NM_001387] 3.949  

FTH1 Other 
Homo sapiens ferritin, heavy polypeptide 1, mRNA 
(cDNA clone IMAGE:3874046). [BC032091] 0.084  

FTHL7 Other 
Homo sapiens ferritin, heavy polypeptide-like 7 
(FTHL7) on chromosome 13 [NR_002202] 0.075  

XTP7 Other 

Homo sapiens protein 7 transactivated by hepatitis 
B virus X antigen (HBxAg) (XTP7), mRNA 
[NM_138568] 3.777 4.126 

SDK2 Other 
Homo sapiens sidekick homolog 2 (chicken) 
(SDK2), mRNA [NM_019064] 4.410 3.912 

AF187554 Other 
Homo sapiens sperm antigen-36 mRNA, complete 
cds. [AF187554] 0.182  

THC2182978 Other 
TTR320199 immunoglobulin mu heavy chain 
{Tursiops truncatus;} , partial (10%) [THC2182978] 4.322  

AD7C-NTP Other 
Homo sapiens neuronal thread protein AD7c-NTP 
(AD7C-NTP), mRNA [NM_014486] 3.823 3.404 

DUB3 Protease 
Homo sapiens deubiquitinating enzyme 3 (DUB3), 
mRNA [NM_201402] 3.069  

THC2202467 Protease 

PSA7_HUMAN (O14818) Proteasome subunit 
alpha type 7  (Proteasome subunit RC6-1) 
(Proteasome subunit XAPC7) , partial (22%) 
[THC2202467] 0.235  
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AI567808 Receptor 

AI567808 tr62h05.x1 NCI_CGAP_Pan1 Homo 
sapiens cDNA clone IMAGE:2222937 3' similar to 
gb:M14043 ANNEXIN II (HUMAN);, mRNA 
sequence [AI567808] 0.314 0.081 

THC2174183 Receptor 
BC012448 thyroid hormone receptor interactor 4 
{Homo sapiens;} , partial (75%) [THC2174183] 0.261  

DKFZp564K142 Receptor 
Homo sapiens implantation-associated protein 
(DKFZp564K142), mRNA [NM_032121] 3.093  

LENG8 Receptor 
Homo sapiens leukocyte receptor cluster (LRC) 
member 8 (LENG8), mRNA [NM_052925] 3.086  

KCNK7 Receptor 

Homo sapiens potassium channel, subfamily K, 
member 7 (KCNK7), transcript variant C, mRNA 
[NM_005714] 3.679 3.157 

AA780485 Ribosome 

ac65f02.s1 Stratagene fetal retina 937202 Homo 
sapiens cDNA clone IMAGE:867483 3' similar to 
gb:X69392 60S RIBOSOMAL PROTEIN L26 
(HUMAN);, mRNA sequence [AA780485] 0.296 0.114 

AI613259 Ribosome 

AI613259 ty35c04.x1 NCI_CGAP_Ut2 Homo 
sapiens cDNA clone IMAGE:2281062 3' similar to 
gb:X69391 60S RIBOSOMAL PROTEIN L6 
(HUMAN);, mRNA sequence [AI613259] 0.265 0.071 

BQ614035 Ribosome 

BQ614035 il02g06.x1 Human insulinoma Homo 
sapiens cDNA clone IMAGE:6028979 3' similar to 
SW:RS11_HUMAN P04643 40S RIBOSOMAL 
PROTEIN S11. [1] ;, mRNA sequence [BQ614035] 0.219  

RPS15A Ribosome 
H.sapiens mRNA for ribosomal protein 
(homologuous to yeast S24). [X62691] 0.113  

RPS15A Ribosome 
H.sapiens mRNA for ribosomal protein 
(homologuous to yeast S24). [X62691] 0.137  

THC2194550 Ribosome 
HUMCH13C3A ribosmal protein small subunit 
{Homo sapiens;} , partial (27%) [THC2194550] 0.067  

N75321 Ribosome 

N75321 za79f05.s1 Soares_fetal_lung_NbHL19W 
Homo sapiens cDNA clone IMAGE:298785 3' 
similar to SW:RL24_HUMAN P38663 60S 
RIBOSOMAL PROTEIN L24. [2] PIR:JN0549 ;, 
mRNA sequence [N75321] 0.192  

THC2166330 Ribosome 
RL35_HUMAN (P42766) 60S ribosomal protein 
L35, partial (67%) [THC2166330] 0.299  

THC2044542 Ribosome 
RS10_HUMAN (P46783) 40S ribosomal protein 
S10, partial (93%) [THC2044542] 0.193  

THC2162618 Ribosome 
RS3A_HUMAN (P61247) 40S ribosomal protein 
S3a, partial (81%) [THC2162618] 0.208 0.085 

AA300289 Ribosome 

AA300289 EST13009 Uterus tumor I Homo sapiens 
cDNA 3' end similar to similar to ribosomal protein 
YL10, mRNA sequence [AA300289] 0.121  

HNRPH1 
RNA 
metabolism 

Homo sapiens heterogeneous nuclear 
ribonucleoprotein H1 (H) (HNRPH1), mRNA 
[NM_005520] 0.299  

THC2084699 
RNA 
metabolism 

HSEXPORTI Exportin(tRNA) {Homo sapiens;} , 
partial (13%) [THC2084699] 0.204  

THC2083654 
RNA 
metabolism 

PR18_HUMAN (Q99633) Pre-mRNA splicing factor 
18 (PRP18 homolog) (hPRP18), partial (31%) 
[THC2083654] 0.286  

AI608782 Sceleton 

AI608782 tw94g05.x1 NCI_CGAP_HN6 Homo 
sapiens cDNA clone IMAGE:2267384 3' similar to 
gb:K00558 TUBULIN ALPHA-1 CHAIN (HUMAN);, 
mRNA sequence [AI608782] 0.244  

ACTB Sceleton 
Homo sapiens actin, beta (ACTB), mRNA 
[NM_001101] 0.160  
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RASD1 Sceleton 
Homo sapiens RAS, dexamethasone-induced 1 
(RASD1), mRNA [NM_016084] 4.053  

TNNI1 Sceleton 
Homo sapiens troponin I, skeletal, slow (TNNI1), 
mRNA [NM_003281] 3.623 3.911 

THC2087016 Sceleton 
HUMMYLCC smooth muscle mysoin light chain 
{Homo sapiens;} , partial (22%) [THC2087016] 0.295 0.129 

THC2045155 Sceleton 

MLRM_HUMAN (P19105) Myosin regulatory light 
chain 2, nonsarcomeric (Myosin RLC), complete 
[THC2045155] 0.269  

THC2200669 Signal 

HNT1_HUMAN (P49773) Histidine triad nucleotide-
binding protein 1 (Adenosine 5'-
monophosphoramidase) (Protein kinase C inhibitor 
1) (Protein kinase C-interacting protein 1) (PKCI-1), 
partial (51%) [THC2200669] 0.136  

ASB16 Signal 
Homo sapiens ankyrin repeat and SOCS box-
containing 16 (ASB16), mRNA [NM_080863] 4.027  

CDKAL1 Signal 
Homo sapiens CDK5 regulatory subunit associated 
protein 1-like 1 (CDKAL1), mRNA [NM_017774] 3.116  

FAM19A4 Signal 

Homo sapiens family with sequence similarity 19 
(chemokine (C-C motif)-like), member A4 
(FAM19A4), transcript variant 1, mRNA 
[NM_182522] 3.351  

FLJ90024 Signal 
Homo sapiens fasting-inducible integral membrane 
protein TM6P1 (FLJ90024), mRNA [NM_153342] 4.265  

ARHGEF15 Signal 
Homo sapiens Rho guanine nucleotide exchange 
factor (GEF) 15 (ARHGEF15), mRNA [NM_173728] 3.727  

SLA Signal 
Homo sapiens Src-like-adaptor (SLA), mRNA 
[NM_006748] 3.607 4.085 

TRH Signal 
Homo sapiens thyrotropin-releasing hormone 
(TRH), mRNA [NM_007117] 3.015  

TRAF4 Signal 
Homo sapiens TNF receptor-associated factor 4 
(TRAF4), transcript variant 1, mRNA [NM_004295] 0.323  

THC2128887 Signal 

WSB1_HUMAN (Q9Y6I7) WD repeat and SOCS 
box containing protein 1 (WSB-1) (SOCS box-
containing WD protein SWiP-1), partial (55%) 
[THC2128887] 0.268 0.142 

THC2162031 Structure 

TCPH_HUMAN (Q99832) T-complex protein 1, eta 
subunit (TCP-1-eta) (CCT-eta) (HIV-1 Nef 
interacting protein), partial (80%) [THC2162031] 0.261  

HDAC4 Transciption 
Homo sapiens histone deacetylase 4 (HDAC4), 
mRNA [NM_006037] 3.066  

JUND Transciption 
Homo sapiens jun D proto-oncogene (JUND), 
mRNA [NM_005354] 3.342  

TIP120A Transciption 
Homo sapiens TBP-interacting protein (TIP120A), 
mRNA [NM_018448] 3.298  

TCF15 Transciption 
Homo sapiens transcription factor 15 (basic helix-
loop-helix) (TCF15), mRNA [NM_004609] 4.081  

ZNF403 Transciption 
Homo sapiens zinc finger protein 403 (ZNF403), 
mRNA [NM_024835] 3.413  

MKRN4 Transciption 

Makorin 4 (Zinc finger protein 127-Xp) (ZNF127-
Xp). [Source:Uniprot/SWISSPROT;Acc:Q13434] 
[ENST00000355859] 3.056  

THC2203017 Transciption 
Q08243 (Q08243) CCAAT-binding protein 
(Fragment), partial (32%) [THC2203017] 0.295  

W45382 Transciption 

W45382 zc80e10.s1 Pancreatic Islet Homo sapiens 
cDNA clone IMAGE:328650 3' similar to gb:D13748 
EUKARYOTIC INITIATION FACTOR 4A-I 
(HUMAN);, mRNA sequence [W45382] 0.218  
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THC2022176 Transciption 

AA601920 np02d02.s1 NCI_CGAP_Pr2 Homo 
sapiens cDNA clone IMAGE:1115139 similar to 
gb:M90356_cds1 TRANSCRIPTION FACTOR 
BTF3 (HUMAN);, mRNA sequence [AA601920] 0.185 0.142 

GLTSCR1 Tumor sup 
Homo sapiens glioma tumor suppressor candidate 
region gene 1 (GLTSCR1), mRNA [NM_015711] 3.986  
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Chapter7: Semi-standardization packaging mode for bio 
MEMS devices 
 
Currently, most bio MEMS (Micro Electro Mechanical Systems) devices are 
produced as prototype for research purposes. The fabrication of these bio MEMS 
devices is at the laboratorial level. Therefore, the fabrication facilities of these bio 
MEMS devices are not reach a high standard in comparison to industrial 
traditional MEMS devices, such as RF MEMS and transducers. Furthermore, 
most of the bio MEMS devices are commonly fabricated from polymer materials 
and used external analogy circuits on print circuit board (PCB) for the disposable 
purpose. Therefore, many mature integrated circuit (IC) packaging technologies, 
for instance, wafer level bonding [211, 212], are not suitable for the plastic 
domination disposable bio MEMS devices comparison with those industrial 
traditional MEMS devices. Currently, the packaging modes for various bio 
MEMS devices are more like chaotic handicrafts. Non-standard packaging mode 
is one of the bottlenecks for a larger scale of the bio MEMS devices production. 
In this chapter, we presented a semi-standardization packaging mode for the bio 
MEMS devices that is used for embedding the packaged device as a standard IC 
element on PCB. A novel spring electrodes connection clamp is designed to 
mount the bio MEMS devices on the standardized Dual in line / Dual in parallel 
(DIL/DIP) socket as the devices packaging. 
 
7.1 Structure of the spring clamp 

 
Figure 7.1. The schematic of the spring electrode connection clamp(1). The whole 
spring clamp (1) is built in copper. It constitutes three parts: Electrode 
connection pad (2), Arch spring (3), and the socket plug-in pole (4). The out 
diameter of the socket plug-in pole (4) fits to the socket hole of the standardized 
DIL/DIP socket (9). 
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The essential element in this invention is the copper spring clamp. A 0.7 mm 
diameter copper wire was used to make the copper spring clamp polar for match 
the pinhole size on the standard DIL/DIP socket. The head of the polar is forged 
into a flat shape, and then wrenched into an arch shape to server as a spring clamp 
(Fig. 7.1). 
 
7.2 The application of the spring clamp 

 

 
Figure 7.2. The schematic of the standardized DIL/DIP socket MEMS device (5) 
and the packaging. The MEMS device (5) has the DIE of the MEMS device (6) in 
the middle and the chip electrodes connection pads (7) on both sides. The DIE of 
the MEMS device (6) is sealed by the sealing cover (8) using the spring clamps 
(1). The chip electrodes pads (7) are also connected onto the DIL/DIP socket by 
the spring clamps (1), and then connected to the PCB. Therefore the whole MEMS 
Device (5) is mounted on the standardized DIL/DIP socket (9) by the spring 
clamps (1) after the packaging. 
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The spring clamp not only can connect the electrodes pads on the MEMS chips, 
but also can clamp the sealing layer for the MEMS devices packaging. The 
schematic of the spring clamp application is shown in Fig. 7.2. Using the spring 
clamps, the MEMS devices can easily be mounted on the standardized DIL/DIP 
IC socket, and can be directly plugged onto the PCB with analogy circuit design, 
as a standardized IC element. 
 
An application of the semi-standardization packaging mode is shown in Fig. 7.3. 
A micro flow cytometer with integrated polymer waveguides is sealed with a 
PDMS and PMMA lid and the whole device is mounted on a 28 way standard 
DIL socket using the spring clamps. For easily replacement, this 28 way standard 
DIL socket is plugged on a 28 way standard zipper DIL socket. The zipper DIL 
socket can be easily soldered on the PCB for connecting with analogy circuit on 
the PCB. The standard DIL/DIP socket has various specifications therefore the bio 
MEMS device can be designed (e.g. the size of the chip, the electrode pad 
distance on the chip) to match one of the closed specifications. 
 

 
Figure 7.3. The image shows a micro flow cytometer device is packaged on the 
standard DIL socket by the spring clamp. Whole device can be easily soldered on 
the PCB as a standard IC element. 
 
7.3 Retail price estimation of the μFC system 
By utilization this packaging mode, the replaceable μFC device packaging, LED 
and photodiodes can be totally welded on a PCB as a portable μFC system 
prototype. The whole system can be packaged into a 20 cm × 10 cm × 5 cm large 
box, and driven by the 5V USB port from a laptop computer. In the table 7.1, the 

 88



Chapter 7:  Semi-standardization packaging mode for bio MEMS devices 

procurement costs are listed for the main elements of a single wavelength two 
detection windows μFC system. 
 
Item Pieces Cost (euro) Comments 
NI USB DAQ system 1 170  
4" Pyrex wafer 0.125 27 Replaceable 
40 way ZIP DIL socket 1 28  
40 way low profile DIL socket 1 1.34 Replaceable 
SMA bulkhead for TO-18 3 25.2  
SMA connector 3 9  
Red LED 1 5.3  
Photodiode 2 4.7  

Sum  320
The replaceable chip 

packaging costs 5 euro. 
Table 7.1. The procurement costs list of the main parts for a one wavelength two 
detection windows μFC system. The listed prices were obtained from the retailers 
before Aug. 2005. 
 
Considering the costs of fabrication, service, and transportation etc., the final 
retail price for each μFC system (excluding the syringe pumps and the computer) 
can be estimated less than 1,000 euro. Each replaceable μFC device packaging 
costs less than 10 euro. For the practical reasons, each replaceable μFC device 
packaging can be applied for 10 times cell analysis. Therefore, the final cost for 
each time cell analysis can be less than 1 euro. 
 
7.4 Conclusions 
In this chapter, a novel copper spring clamp invention is presented. By applying 
the spring clamp for mounting the bio MEMS devices on the standard DIL/DIP 
socket, the packaged device can be simply plugged on the PCB as a standard IC 
element. Therefore, the sealing and the electrode connection problems can be 
solved in one packaging step. Finally, the cost of a practical μFC device (using 
this packaging mode) is estimated. 
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Chapter 8: Conclusions 
The main theme of this Ph.D. project is to integrate planar polymer optical 
systems in the different μTAS devices to realize different optical measurement 
applications. During this Ph.D. project, three different type microdevice 
prototypes with integrated optical measurement have been developed and tested. 
These micro-devices have been successfully used for detection cells, investigation 
cell sorting, and monitoring real-time PCR, respectively. 
 
Firstly, examination of flowing through cells/particles in a microfluidic channel 
was realized in an innovative microchip flow cytometer with integrated polymer 
optical systems. The microfluidic system and all the optical elements 
(waveguides, taper, lenses and fiber-to-waveguide couplers) were defined in a 90 
μm thick SU-8 layer on a 500 μm borosilicate glass substrate by standard 
photolithography in a single mask procedure. This approach allows the fabrication 
and packaging of an entire device to be completed in a single day. Using the 
microchip flow cytometer, the scattering signals and extinction light of 
polystyrene beads with different sizes (3, 4.5, 6, and 9 μm) could be measured 
without any bulk optical system. Data of the three different signals (forward 
scattering, large angle scattering and extinction) for each bead showed good linear 
relationship (r = 0.994, r = 0.979, r = 0.991, respectively) with its size. By placing 
a band pass filter set (525 nm/22 nm) in front of the detection PMTs, the 
microchip flow cytometer was also successfully distinguished the propidium 
iodide labeled chicken red blood cells from labeled rainbow trout red blood cells. 
Although the scattering signals of the two cells cannot be distinguished because of 
their similar cell size, but the fluorescent signals of the nucleolus stained cells 
showed big different due to their different DNA contents. 
 
Secondly, positive DEP cell sorting processes were real-time monitored in a novel 
microfluidic system with two microchip flow cytometers integrated upstream and 
downstream of a DEP filter. This novel microdevice is constructed by laying the 
80 μm thick SU-8 microfluidic and optics components on top of a thin metal layer 
on the borosilicate glass substrate. By this way, only two simple photolithography 
steps (metal deposition, and polymer layer definition) are needed for the 
fabrication. The DEP filter was constructed of 62.5 pairs electrodes, each with 10 
μm distance. The DEP-FC microdevice was used to study the capture efficiency 
of the positive DEP filter under different conditions using yeast cells as a model. 
The effects of the applied voltage level (1 - 20 Vpp), flow rate (1 - 5 mL/h), 
solution conductivity (0.5 – 25 mS/m), and excitation frequency (0.1 – 10 MHz) 
were invested. The responses on the capture efficiency were in reasonable 
agreement with the FEM simulation equations presented in Chapter 4. 
Furthermore, the DEP-FC device was also applied for real-time monitoring of 
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viable/non-viable yeast cell sorting on the DEP filter. Under 2 MHz and 20 Vpp, 
more than 90% viable yeast cells were sorted from non-viable ones. 
 
Thirdly, the PCR formation was real-time measured in a novel real-time PCR 
microchip with integrated polymer waveguides in the reaction chamber. Based on 
an existed PCR microchip, the integrated thermal system of the chip was 
remodeled and redesigned to expand the homogeneous heating area, from 16 mm2 
to 49 mm2. The integrated polymer optical systems were created in the same 400 
μm SU-8 layer of the reaction chamber. To avoid the high propagation loss at the 
low wavelength (less than 500 nm) of SU8, two suitable DNA binding dyes 
(SYTOX Orange (547 nm/570 nm) and TO-PRO-3 (642 nm/661 nm)) were tested 
and used in the real-time PCR experiments. The approach provided quantitative 
information of the amplified PCR progression in real-time PCR amplification of 
cadF gene of Campylobacter juni. The PCR reaction efficiencies of the two 
different dyes on the chip were 79% and 69% respectively. The measured CT 
value on the chip showed more accurately quantitative information about the 
initial concentrations of the DNA template than the conventional gel 
electrophoresis. The integrated optical system allows real-time monitoring of the 
reaction dynamics at any location inside the micro reaction system. 
 
Furthermore, a simple, moderate and robust SU-8 surface chemical modification 
protocol was studied and developed, rendering the biocompatibility of SU-8 
surface for the mammalian cell culture. Several different methods, that included 
surface contact angle determination, morphology of the attached cells, cell growth 
kinetics, as well as whole genome expression profile microarray analysis, were 
investigated to evaluate the biocompatibility of the modified SU-8 surface. As a 
conclusion, the whole genome expression profile microarray analysis provided 
more complete information and details of the cell adhesion and growth dynamic 
on the surface than other methods. From the data, there might be no strong 
relationship between surface hydrophobicity and biocompatibility. 
 
Through this Ph.D. study, the integrated polymer waveguides in different μTAS 
devices have been successfully achieved for various applications. For realizing a 
practical real μTAS, the integrated polymer optics technology provides a simple 
way for real-time monitoring in different μTAS devices. It is therefore believed 
that the technology of the integrated polymer optics will not only be a milestone, 
but also be a new research direction for the real μTAS research area. 
 
Since the late 80’s, many efforts have been carried out toward real μTAS devices. 
However, most of them were still at the stage of prototype. The main bottleneck is 
how to integrate various microstructures together and work properly. Furthermore, 
currently many new nanofabrication technologies have been developed, such as E-
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beam lithography and nano-imprint. More narrow and tiny nanostructures can 
now be invented using those technologies. As a courageous prospect, once the 
bottleneck of integration is broken through, a μTAS (even nanoTAS) market can 
be eventually boosted. 
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Appendix A 
Process sequence for Polymer waveguides on glass wafer 
Wafers: 4" 500μm thick Borofloat glass wafers from Schott. 

1. Cleaning of wafers:  Clean on turning table using Triton X100 soap. 
Rinse 10 minutes in piranha (4:1 H2SO4: H2O2). 

2. Spinning of SU-8 waveguide core and fluidic system layer: Dehydrate 
wafers in 250 ºC oven for at least 3 Hours. Spin on 90μm SU-8 (XP2075, 
Microchem). KS-spinner: 1800 rpm, 30 seconds. 

3. Soft baking of SU-8 layer: Softbake the SU-8 on 65 ºC hotplate for 5 
minutes with a 5 minutes ramp, 95 ºC hotplate for 20 minutes with a 5 
minutes ramp, 65 ºC hotplate for 1 minute with a 5 minutes ramp. Let 
wafers cool down on hotplate. 

4. Photolithography: UV exposure through waveguide mask. KS aligner 
settings: Multiple exposure, 10 cycles of 10 seconds exposure 10 seconds 
wait, constant power of 275 W, soft contact mode. 

5. Post exposure baking: Bake wafers on 65 ºC hotplate for 1 minute with a 
5 minutes ramp, 95 ºC hotplate for 10 minutes with a 5 minutes ramp, 65 
ºC hotplate for 1 minute with a 10 minutes ramp. Let wafers cool down on 
hotplate. 

6. Development of SU-8: Develop wafers in PGMEA: 8 minutes in 
developer labeled SU-8 first, 2 minutes in developer labeled SU-8 final. 
Rinse in isopropanol solution. 
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Appendix B 
Process sequence for DEP - FC chip fabrication 
Wafers: 4" 500μm thick Pyrex glass wafers from Schott. 

1. Cleaning of wafers: Clean on turning table using triton X-100 soap, rinse 
10 minutes in piranha (4:1 H2SO4: H2O2). 

2. Dehydration of wafers: dehydrate wafers in 120 °C oven for approx one 
hour. 

3. HDMS: HDMS treatment for 1 hour. 
4. Spincoating with photoresist for lift-off: Tack 1, 1.5 μm AZ5314 resist, 

soft bake (recipe: pr1_5 or _2min. on 90°C hotplate). 
5. Photolithography: UV exposure through “electrode” mask, 5 seconds 

exposure time, 275 W const. Power, hard contact mode. 
6. Image reversal: reverse bake on 120 °C hotplate for 2 minutes, UV flood 

exposure wafers for 50 seconds. 
7. Development of resist: develop wafers in a 1 AZ351B: 5 DI water 

solution for about 1 minutes. 
8. Plasma asher: 100 W, 20 seconds, recipe 11. 
9. Metal deposition: deposition of 10 nm Ti followed by 200 nm Au. 
10. Lift-off: Lift-off bath (acetone) with ultrasonic agitation 10-15 min. 
11. Plasma asher: 100 W, 1 min, recipe 11. 
12. Dehydrate bake: leave in 250 °C oven overnight, and prepare SU-8 

XP2075 syringe. 
13. Spin-coating 90μm SU-8 XP2075 Microchem: take wafer directly from 

oven, for 90 μm thick, the recipe is 1800 rpm, 30 seconds. 
14. Soft baking SU-8: ramping: 2 minutes, 65 °C in 1 minutes; ramping 5 

minutes, 95 °C in 25 minutes. cool down on hotplate. 
15. Photolithography: UV exposure through “SU-8” mask. KS aligner 

settings: multiple exposure, 10 cycles of 10 seconds, exposure followed by 
10 seconds waiting, 275 W const power, soft contact mode. 

16. Post exposure baking: ramping 10 minutes, 90 °C for 25 minutes. Cool 
down on hotplate approx 45 minutes. 

17. Development of SU-8: develop wafers in PGMEA, 8 minutes in 
developer labeled SU-8 first, 2 minutes in developer labeled Su-8 final. 
Rinse in isopropanol. 
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Appendix C 
Process sequence for real - time PCR chip 
Wafers: 4" 500μm thick Borofloat glass wafers from Schott. 

1. Cleaning of wafers: Clean on turning table using Triton X100 soap. Rinse 
10 minutes in piranha (4:1 H2SO4: H2O2). 

2. Spinning of resist for metal mask: Dehydrate wafers in 120 °C oven for 
~1 Hour. HDMS treatment for 45 minutes. Spin on 1.5 μm AZ5214 
photoresist, soft-bake for 2 minutes on 90 °C hotplate, recipe pr1_5. 

3. Photolithography: UV exposure through metallization mask (mask: 
metal). KS aligner settings: 5 seconds exposure time, constant power of 
275 W, soft contact mode. 

4. Image reversal: Bake resist on 120 °C hotplate for 2 minutes. UV flood 
exposure wafers for ~30 seconds. 

5. Development of resist: Develop wafers in a 1 AZ 351B: 5 DI water 
solution for  ~60 seconds at 22 °C. 

6. Plasma asher: 100 W, 20 seconds, recipe 11. 
7. Deposition of platinum: Deposit 200 nm platinum using e-beam 

evaporation with a 100 Å titanium adhesion layer. (Alcatel). 
8. Lift-off: The platinum is lifted in an ultrasonic acetone bath for 5 minutes. 
9. Plasma asher: 100 W, 20 seconds, recipe 11. (Prepare SU-8 XP2075 

syringe). 
10. Spinning of SU-8 electrode protection layer: Dehydrate wafers in 250 

°C oven for at least 3 Hours. Spin on 5 μm SU-8 (XP2005, Microchem). 
KS-spinner: 3000 rpm, 30 seconds. 

11. Soft baking of SU-8 protection layer: Soft-bake the SU-8 on the hotplate 
at 65 °C for 1 minute with a 3 minute ramp, then 90 °C for 3 minutes with 
a 1 minute ramp. Let wafers cool down on hotplate. 

12. Photolithography: UV exposure through protection mask (mask: 
protection). KS aligner settings: 50 seconds exposure time, constant power 
of 275 W, proximity mode 25 μm. 

13. Post exposure baking: Bake wafers on 95 °C hotplate for 8 minutes with 
a 5 minutes ramp. Ramp temperature to 105 °C using a 2 minutes ramp. 
Bake at 105 °C for 10 minutes. Let wafers cool down on hotplate. 

14. Spinning of SU-8 layer 1 for PCR chamber and waveguide: Spin on 
200 μm SU-8 (XP2075, Microchem). KS-spinner: 1000 rpm, 30 seconds. 

15. Soft baking of SU-8 layer 1 for PCR chamber and waveguide: Soft-
bake the SU-8 on 95 °C hotplate for 45 minutes with a 10 minutes ramp. 
Let wafers cool down on hotplate. 

16. Spinning of SU-8 layer 2 for PCR chamber and waveguide: Spin on 
200 μm SU-8 (XP2075, Microchem). KS-spinner: 1000 rpm, 30 seconds. 
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17. Soft baking of SU-8 layer 2 for PCR chamber and waveguide: Soft-
bake the SU-8 on 95 °C hotplate for 2 hours with a 10 minutes ramp. Let 
wafers cool down on hotplate. 

18. Photolithography: UV exposure through PCR chamber mask (mask: 
chamber). KS aligner settings: Multiple exposure, 10 cycles of 15 seconds 
exposure 10 seconds wait, constant power of 275 W, soft contact mode. 

19. Post exposure baking: Bake wafers on 100 °C hotplate for 45 minutes 
with a 10 minutes ramp. Let wafers cool down on hotplate. 

20. Development of SU-8: Develop wafers in PGMEA: 25 minutes in 
developer labeled SU-8 first, 5 minutes in developer labeled SU-8 final. 
Rinse in isopropanol solution. 
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Appendix D 
Process sequence for hydrophilic cell patterning on SU-8 
Wafers: 4" 500μm thick Borofloat glass wafers from Schott. 

1. Cleaning of wafers: Clean on turning table using Triton X100 soap. Rinse 
10 minutes in piranha (4:1 H2SO4: H2O2). 

2. Spinning of 5 μm thin SU-8 layer: Dehydrate wafers in 250 °C oven for 
at least 3 Hours. Spin on 5 μm SU-8 (XP2005, Microchem). KS-spinner: 
3000 rpm, 30 seconds. 

3. Soft baking of thin SU-8 layer: Soft-bake the SU-8 on the hotplate at 65 
°C for 1 minute with a 3 minute ramp, then 90 °C for 3 minutes with a 1 
minute ramp. Let wafers cool down on hotplate. 

4. Photolithography: UV flood exposure. KS aligner settings: 50 seconds 
exposure time, constant power of 275 W. 

5. Post exposure baking: Bake wafers on 95 °C hotplate for 8 minutes with 
a 5 minutes ramp. Ramp temperature to 105 °C using a 2 minutes ramp. 
Bake at 105 °C for 10 minutes. Let wafers cool down on hotplate. 

6. Spinning of resist for shadow mask: Spin on 1.5μm AZ5214 photoresist, 
soft-bake for 2 minutes on 90 °C hotplate, recipe pr1_5. 

7. Photolithography: UV exposure through patterning mask (mask: 
patterning). KS aligner settings: 5 seconds exposure time, constant power 
of 275 W, soft contact mode. 

8. Image reversal: Bake resist on 120 °C hotplate for 2 minutes. UV flood 
exposure wafers for ~30 seconds. 

9. Development of resist: Develop wafers in a 1 AZ 351B: 5 DI water 
solution for  ~60 seconds at 22 °C. 

10. Plasma asher: 100 W, 20 seconds, recipe 11. 
11. First step SU-8 surface treatment: Immerge the whole wafer in the 

HNO3-CAN  (1 M HNO3 with 0.1 M (NH4)2Ce(NO3)6) solution, then 
heated on the 50 °C hotplate for 1 hour. Rinse with MilliQ water, dried 
with nitrogen stream. 

12. Shadow mask Lift-off: The shadow mask is lifted in an ultrasonic 
acetone bath for 5 minutes. 

13. Second step SU-8 surface treatment: Immerge the wafer in the 
ethanolamine solution (0.1 M ethanolamine in 0.1 M, pH 9.0 sodium 
phosphate buffer), then heated on the 50 °C hotplate for 20 minutes. Rinse 
with MilliQ water, dried with nitrogen stream. 
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Appendix E 
Protocol for FITC labeling of yeast cells 
FITC solution: 1 mg/mL fluorescein 5-isothiocyanate (FITC) carbonate 

buffer (0.05 M, pH 9.6) is prepared and stocked in 4 °C 
dark place. 

Growth of Yeast Cell: The yeast cells were growth overnight in the Yeast 
extract Peptone Dextro (YPD) medium (yeast extract 10 
g, bacto peptone 20 g, glucose 20 g, and water 1000 mL) 
at room temperature. 

Labeling dosage: The yeast cells are suspended in MilliQ water at 
concentration of 108 cells/ml. 0.9 mL FITC solution was 
mixed with 0.1 ml the cell suspension. 

Labeling process: The labeled yeast cells were incubated for 30 - 60 
minutes at room temperature or 37 °C. After the labeling, 
the FITC molecules will conjugate with the cell 
membrane proteins. 

Killing yeast cell: For killing the yeast cells, 30 mL yeast cells suspension 
is heated by a 1500 W microwave oven for 30 seconds. 
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Appendix F 
Protocol of Propidium Iodide (PI) labeling Red Blood Cells (RBC) 
PI stock solution:  1 mg/mL PI in water (stocked at 4 °C in a dark place). 
Staining solution:  0.2 mL PI stock solution and 0.05 mL Triton X-100 (0.5 % 

v/v) are added into a 10 mL PBS (EDTA 0.5 mM) buffer. 
Stock RBC:  Rainbow Trout Red Blood Cells (RTRBC) and Chicken Red 

Blood Cells (CRBC) are suspended in citrate buffer (107 
cells/mL), and stocked at – 80 °C. 

Labeling process: RBCs are quickly thawed in an ice bath. 50 μL stock RBC 
suspension, 200 μL PI staining solution, and 750 μL PBS are 
mixed together. Then the whole mixture is put in the ice bath, 
genteelly shaking on a shaker table for half hour. After 
labeling PI will be stained the nuclei of the RBCs. 
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Appendix G 
List of publications 
Conference abstracts: 
1. Zhenyu Wang, Jamil El-Ali, Ivan R. Perch-Nielsen, Klaus B. Mogensen, 

Detlef Snakenborg, Jörg P. Kutter and Anders Wolff. Microchip flow 
cytometer with integrated polymer optical elements for measurement of 
scattered light. MEMS2004, Maastricht, Netherlands. 

2. Zhenyu Wang, Jörg P. Kutter, Anders Wolff. Microchip flow cytometer with 
integrated polymer optics for fluorescence analysis of cells. μTAS2004, 
Malmö, Sweden.  

3. Zhenyu Wang, Peter K. Petersen, Anders Rogeberg, Jörg P. Kutter, Dang D. 
Bang, Anders Wolff. Real-time monitoring of a dielectrophoresis based 
selective filter using microchip flow cytometry with integrated polymer 
waveguides. MEMS2005, Miami, USA. 

4. Zhenyu Wang, Michael Stangegaard, Martin Dufva, Jörg P. Kutter, and 
Anders Wolff. A simple hydrophilic treatment of SU-8 surfaces for cell 
culture and cell patterning. μTAS2005, Boston, USA. 

5. Zhenyu Wang, Andrea Sekulovic, Jörg P. Kutter, Dang D. Bang, Anders 
Wolff. Real-time PCR using a PCR microchip with integrated thermal system 
and polymer waveguides for the detection of Campylobacter jejuni. 
MEMS2006, Istanbul, Turkey. 

 
Journal papers: 
1. Zhenyu Wang, Jamil El-Ali, Ivan R. Perch-Nielsen, Klaus B. Mogensen, 

Detlef Snakenborg, Jörg P Kutter and Anders Wolff. Measurements of 
scattered light on a microchip flow cytometer with integrated polymer based 
optical elements. Lab on a Chip, 2004, 4, 372-377. 

2. Michael Stangegaard, Zhenyu Wang*, Jörg P. Kutter, Martin Dufva and 
Anders Wolff. Whole genome expression profiling using DNA microarray for 
determining biocompatibility of polymeric surfaces. Accept by Molecular 
Biosystems. 

3. Zhenyu Wang, Ole Hansen, Peter K. Petersen, Anders Rogeberg, Jörg P. 
Kutter, Dang D. Bang and Anders Wolf. Real-time monitoring of cell sorting 
using a dielectrophoresis - flowcytometry microchip with integrated polymer 
waveguides. Submitted to Electrophoresis. 

4. Zhenyu Wang, Andrea Sekulovic, Jörg P. Kutter, Dang. D. Bang and Anders 
Wolff. Real-time PCR detection Campylobacter jejuni on a microchip with 
integrated thermal system and polymer waveguides. Submitted to 
Electrophoresis. 

                                                 
* Co-first author 
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