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Sammanfattning 
 

Inom den kemiska analysvetenskapen har konceptet ”lab-on-a-chip” de senaste åren fått allt 

större uppmärksamhet. Detta koncept innebär att kemiska analyser utförs i mikrometerstora 

kanaler på chip tillverkade av glas, plast eller kisel. Dock, för att denna typ av analys 

verkligen ska kunna få fotfäste som en standardteknik krävs att man kan använda prover som 

inte har behandlats i förväg med standardmässiga provprepareringsmetoder på makroskala, 

dvs med vanliga laborativa metoder. För att lösa detta har arbete påbörjats för att även 

provprepareringen ska kunna integreras på samma chip som den kemiska analysen.  

    I detta arbete presenteras dels en översikt över användandet av chipbaserade 

analysmetoder som skulle vinna på integrerad provpreparering, dels en genomgång av 

biokemiska provprepareringsmetoder i dagens laboratorier. Slutligen presenteras ett antal 

konceptidéer för hur man skulle kunna konstruera integrerade provpreparingssteg inför olika 

typer av analyser. Dessa koncept tar sin utgångspunkt i en analys dels av de moment som 

varje prepareringssteg innebär, dels av de begränsningar och möjligheter som mikrofluidik 

och mikrostrukturteknik medför. 
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Preface 
This master’s degree project is performed within the Master of Science in Biotechnology 

Engineering programme at Uppsala University, Uppsala, Sweden. The tutor of the project has 

been Dr. Ulf Lindberg at the Department of Material Science, Division of Solid State 

Electronics, Uppsala University. The scientific reviewer has been Prof. Karin Caldwell at the 

Centre for Surface Biotechnology, Uppsala University.  

 

The project work is initiated by and conducted within the SUMMIT µFluidics group, a 

subdivision of the Centre for Surface and Microstructure Technology (SUMMIT), which is 

funded by the Swedish Foundation for Innovation Systems (VINNOVA), Uppsala university, 

The Royal Institute of Technology (KTH) and several commercial companies. The intention 

of the project is to be part of the SUMMIT Life Science Roadmap, in which microscale sample 

preparation has been identified as one of the most important areas to look into, in the 

attempt to construct integrated systems for medical point-of-care analysis. 

 

When this work started, I thought miniaturised chip-based systems were the apex of 

technology and the future of mankind – or at least of analytical chemistry. Five months, 

roughly 150 articles and one international conference later, I have realised the limitations, 

but also many of the possibilities of this type of technology. But first and foremost, I have 

realised that it does not matter how high-tech a product is, as long as it is not as cheap, 

reliable and straightforward to use as its low-tech equivalent.  

    The work presented here is on sample preparation in chip-based systems, but it is also 

intended to be a first lesson for those MST engineers interested in lab-on-chip technology 

and analytical science. I sincerely hope it will be used as such, to enable some further bridge 

building between these two disciplines that have already started to converge. Whatever your 

background is or whatever your intention is for taking part of this thesis work, I wish you a 

pleasant reading.  

 

Uppsala, June 2003 

Ola Ljunggren 
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Introduction 
The science of analytical chemistry is constantly under development. Methods come and go, 

and only at certain occasions one can see a true quantum leap in the evolution of new and 

refined techniques for analysis in biochemistry, environmental chemistry and clinical and 

diagnostic analysis. Some claim the introduction of microstructure technology and 

microfluidics into analytical chemistry is one of these leaps. Aiming for portable, low-

consuming “labs-on-chip”, scientists all over the world have dedicated great resources to this 

end, encouraged by the successes made in the field of capillary electrophoresis and similar 

microscale technologies. 

    Yet, there are still vast amounts of both scientific and technical research to be conducted 

for this technology to entirely break through. One of the most important issues is believed to 

be the development of on-chip sample handling and preparation. Although not being the 

most fashionable subdivision of chemical or technical research, the subject has gained some 

attention through the last years, as more and more actors in the field have identified it as a 

bottleneck of the technical and commercial realisation of on-chip microscale chemistry.  

     The subject of this master’s project work is to study microscale sample preparation in 

chip-based chemical analysis, with the purpose to act as an introductory survey to those 

interested in enabling further technical development and investigation of this technology 

segment. To this end, the approach of this work has been divided into three major parts: 

1. An extensive and thorough background study concerning microfluidic analysis 

technology in general, and microscale sample preparation in particular, to evaluate 

the status of research and identify the needs of the technology segment. 

2. The analysis of a number of standard operations in regular, lab-bench macroscale 

sample preparation, with regards to the purpose of each critical element. 

3. Based on the analyses in (1) and  (2), suggestions of possible “translations” of these 

elements into principles, sketches and novel approaches as how to solve the 

preparative function of the element, and how to integrate these on chip.    

For readers without chemical background, a chapter concerning the fundamentals of sample 

pre-treatment has also been performed, as well as a discussion regarding the relevance of 

sample preparation in certain analytical systems.  Since the theoretical background of chip-

based analysis by no means is straightforward or known-to-all, a part concerning the 

fundamentals of on-chip fluidic behaviour is presented in Appendix I. For readers lacking a 

background in microstructure technology, some fundamentals of this area have been 

presented in Appendix II.  
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Background 

BioMEMS – an introduction  
In the world of micro system technology, there are several acronyms and designations in the 

literature that should be recognised and understood, as otherwise they might cause some 

confusion. The different abbreviations and definitions have different applicability depending 

on under which circumstances they are used, and therefore will be explained here: 

    MST – Micro Structure Technology or Micro System Technology. The most frequently 

used abbreviation for the techniques and technologies associated with micro-engineering.  

    MEMS – Micro Electro-Mechanical Systems. This acronym is the primary choice in North 

America for what Europeans would call MST. Generally, MEMS does not only represent 

“true” electro-mechanical devices, but also microsystems in general, for instance BioMEMS.  

    BioMEMS – Biomedical Micro Electro-Mechanical Systems. A general abbreviation of 

micro systems with primarily biomedical, but also biochemical or pharmaceutical 

implementation.  (See further explanation below).  

    microTAS / µ-TAS – Micro Total Analysis System. The concept of a fully-integrated, 

front-end miniature chemical analysis system, primarily based on microfluidic technology. A 

subsystem of BioMEMS. (See further explanation below). 

    Lab-on-Chip or Lab-on-a-Chip (LOC).  Analogous to microTAS, but has become a more 

frequently used expression. Still, some scientists consider it somewhat confusing, hyped and 

non-scientific.1   

 

What is BioMEMS?  
As mentioned above, BioMEMS designates a spectrum of technologies, comprising several 

different applications. As is clear from the acronym, a lot of these applications involve 

electro-mechanical systems for use in the biosciences. But it also spans purely microfluidic, 

microchemical and micropharmaceutical systems, without any electrical circuits or moving 

microparts; therefore a more appropriate term perhaps would be “Bio-Microsystem”. Yet, 

due to its established position, the term BioMEMS will be used throughout this work.  

    Categorising the BioMEMS applications, Paolo Dario et al. claim there are four important 

areas of application in the biosciences: Diagnostics, drug delivery, neural prosthetics/tissue 

engineering, and minimally invasive surgery. Diagnostics involve purely biochemical devices, 

e.g. microscale blood glucose sensors for personal use, as well as physical, e.g. pressure 

sensors, which can measure blood pressure intravenously. The drug delivery concept involves 

                                                 
1 Freemantle 1999 
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different microfabricated tools capable of delivering the right amount of medicine to the right 

spot, including microneedles and polymeric nanospheres. Tissue engineering deals with the 

complex questions of nerve regeneration, bioartificial organs and skin substitution. The 

object of minimally invasive surgery is to reduce pain as well as time in hospital, through the 

construction of miniature catheters and X-ray sources.2 

    In principle, these areas comprise the cores in the BioMEMS development, although due to 

the very sophisticated micromechanics involved in, for instance, neural prosthetics, and the 

problems involved with moving micromechanical parts in the body, the major developmental 

advances hitherto has been made in the diagnostics area. (Other possible explanations 

include the inertia of the medical industry, the US Food and Drug Administration3 and 

inadequate understanding of the health care needs).4 A roadmap of presumed future 

BioMEMS development has been constructed by Dario et al., where not only the time of 

development is accounted for, but also the complexity of the system from a micro-mechanical 

point of view (Fig. 1).   

 
 

Fig 1 – A roadmap for BioMEMS development.  

Different types of BioMEMS have been arranged based on both the  

complexity of  the system and the time to development,  and indications of  

the technical demands for the realisation  of the systems.  

(Adapted from Dario et al.  2000. Used with kind permission)  

 

                                                 
2 Dario et al. 2000 
3 Pålsgård 2003 
4 Polla et al. 2000 
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    To some extent, the application of MST in these areas have been more focused on what has 

been possible from an microengineering point of view, than what have been the actual needs 

of the biosciences. MST has thus become “a solution, looking for a problem”.5 The enabling 

technologies involved – adapted primarily from microelectronics – have been optimised for 

purposes other than those affiliated with bioscientific ends.6 The focus on both system 

requirements and biomedical reliability has often been neglected, causing the output of new 

BioMEMS products to be low.7   

    Yet there is more to BioMEMS than the aforementioned four areas. For instance, the vast 

research area of so-called nanotechnology is tightly connected to the BioMEMS sphere, and 

the definitions of what is to be considered micro- and nano-, respectively, is somewhat 

vague.8 This is mainly due to the fact that most microsystems are also “nano”-systems when 

considering volume or molar concentrations, although their geometry is on the micrometer 

scale.  

    The most viable BioMEMS applications today, though, are the microscale biochemical 

analysis systems. The research activity can be roughly divided into three areas: microarrays 

(also known as “biochips” to some 9), miniature biosensors and microfluidic systems. The 

overlaps between these areas are great, but in this work, the primary focus will be on 

microfluidic systems. Although the aforementioned “dot-spot” microarrays for genomic or 

proteomic analysis to some extent can be considered as BioMEMS, both the process 

technology and the applications 1 0 are beyond the scope of this thesis project. Also the 

concept of miniature biosensors covers a vast area of applications 1 1, yet only sensors that 

involve – or could potentially involve – microfluidic elements will be considered, thus 

excluding e.g. paper-printed pregnancy-test biosensors. 

    The applications of these microfluidic biochemical analysis systems can be further divided 

into two major groups: clinical analysis and “pure” chemical analysis. Clinical analysis 

includes measurements involving biological fluids from man, with the purpose to detect or 

quantify one or several chemical substances for medical or diagnostic reasons.12  “Pure” 

chemical analysis may involve any type of fluid, can be based on any type of assay technique 

and can be considered mainly a means of performing bio-scientific research. Still, the only 

difference lies in the specifications, not in the technology as such, and thus it is possible to 

include both groups in the concept of chip-based chemical analysis systems. 

                                                 
5 Lindberg, U. 2003 
6 Talary et al. 1998 
7 Polla et al. 2000 
8 Guetens et al. 2000 
9 Vo-Dihn et al. 2001 
10 Cheung et al. 1999 
11 Eggins, 2002 
12 Jacobson, 1995 
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Introduction to Chip-based Analysis Systems 
Chip-based analysis systems – as defined in this work – are systems where planar 

microstructure technology has been used to produce microscale channels and structures, in 

and on which one or several chemical processes are implemented for the purpose of 

qualitative or quantitative analysis.  These system concepts have become known under 

several different names, where “Lab on a Chip”, “Micro Total Analysis System (µ-TAS)” and 

“Miniature Analysis Systems” are the dominating designations today.13    

Historical and Technical Background 
There are several historical reasons for the establishment of chip-based chemical analysis, yet 

the two major driving forces in the emergence of this technology are: (1) The need of 

increasing analytical performance for minute sample amounts in bioanalytical chemistry, and 

(2) the highly advanced level of the microstructure technology in microelectronics and 

micromechanics.14 The development of chip-based analysis has generally been technology-

driven, but is becoming more and more market-driven, as the number of commercial 

products and companies increase.  

    Naturally, the need of the chemical and biomedical areas of increasing performance has 

been a driving force for the development of new technology. As early as in 1975, the first 

miniaturised chemical analysis device was produced – a miniature gas chromatograph 

fabricated on a single silicon wafer.1 5  However, it was not until the beginning of the 1990s 

that real interest for miniature systems came up amongst bio-analytical chemists. The main 

reasons for the expanding interest were the growing need for higher throughput and the 

problems associated with very small sample amounts, especially in the growing field of 

protein analysis, but also in nucleic acid and small-molecule chemistry. The chemists also 

saw the possibilities of cost reduction by minimising reagent consumption, and time 

consumption.16,1 7   

    Yet also the research and development in the MST field itself has sped up and led the pace 

in which microscale analysis has been developed. The most apparent quantum leap for this 

technology probably was the development of viable MST techniques for other substrates than 

Silicon – the dominating material in microelectronics. This led to the insight that 

microengineering could be used alongside regular chemical methods, e.g. surface treatments 

for polymers and glass, for enhancing separation and analysis performance.18  

                                                 
13 Reyes et al. 2002 
14 Talary et al. 1999 
15 Reyes et al. 2002 
16 Ehrnström 2002 
17 Kutter 2000 
18 Reyes et al. 2002 
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    There are also several notable examples of how engineers have been able to construct 

highly advanced micromechanic devices, which the chemists have not yet been able to use for 

chemical purposes.19 Actually, for most chemical applications hitherto, very simple structures 

– from an MST point of view – have been used with good results. The most obvious example 

is the applications of on-chip capillary electrophoresis (CE), which has been exploited by a 

large number of research groups throughout the world.20 Chip-based CE also retains all the 

theoretical background connected to regular glass-tube CE.21 Still, the trend is towards more 

complex microfluidic networks, with more mixer structures and valves and with a higher 

level of fluid control. 22 (For a more extensive introduction to microfluidics and 

microstructure technology, see Appendix I: Microfluidics Theory below, and Appendix II: 

Microstructure Technology)    

Advantages of Microscale Chemical Analysis  
There are a number of reasons why the potential in microscale chemical analysis in 

microfluidic systems has been noticed and considered large. The two major advantages 

mentioned in most reviews on the topic are high throughput and low material consumption. 

Yet these are not the only benefits of downsizing chemical analysis, and furthermore the 

advantages of miniaturisation vary between applications.23 Here, a short survey will be 

performed where the potential benefits are examined vis-à-vis different applications. A more 

thorough exposition of the physical and chemical effects associated with miniaturisation is 

performed in Appendix I.  

    It would be possible to divide the advantages of microscale chemistry into two groups; one 

of general microscale effects and one of purely microfluidic effects. Yet, since this work is 

focussed entirely on microfluidic applications there is no need for a distinction between the 

two, as both contribute to the total effect.  

 

Low volume 

The most obvious effect of scaling down, is the decreased requirements of sample and 

reagent volume. The primary overall effect is cost-effectiveness, since a larger number of tests 

can be performed on the same sample, and the need for large sample volume is avoided, for 

instance in sampling blood from babies or tapping the spine for cerebrospinal fluid. 

 

 

 

                                                 
19 Nguyen & Wereley 2002 
20 Auroux et al. 2002 
21 Regnier et al. 1999 
22 Bruin 2000 
23 Freemantle 1999 
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Laminar flow 

In microfluidic systems in general the liquid flow is laminar, not turbulent. This results in 

that the only mixing of liquids that occurs is from sheer diffusion between the laminar flows.  

This is not necessarily an advantage, since simple mixing processes can propose almost 

insurmountable problems – especially when dealing with liquids of high viscosity.24 On the 

other hand, the laminar flow also admits a higher level of liquid control, given the correct 

surface properties.25   

 

Surface-to-volume ratio 

The ratio between surface and volume is a highly appreciated property, primarily in 

analytical chemistry.  With miniaturised columns in electrophoresis and chromatography, as 

well as biosensor surfaces for immunoassays, the channel widths approach the chemical 

diffusion lengths, admitting a higher level of surface interaction and thus higher chemical 

efficiency. This is achieved through the lack of the diffusional depletion layer, which would 

have occurred due to diffusion-limited mass transport on a mesoscopic scale. All in all, the 

scale of the analysis is closer to the actual biological scale – the environment in which cellular 

processes occur.26   

    Also, with a high-enough level of hydrophilicity on the channel surfaces, capillary forces 

appear through the high surface-to-volume ratio, giving the possibility in some systems to 

analyse droplets, without additional pumps or other means of propulsion. 

 

Faster heat transfer 

One advantage of miniaturising often mentioned is that of improved heat transfer between 

the fluid and the surrounding medium, i.e. the chip substrate. In microscale systems, the 

mean free path of the liquid molecules approach the characteristic dimension of the system, 

causing the heat transfer continuum to break down.27  This leads to considerably faster 

heating and cooling times of the fluid. This phenomenon can be used both for faster heat 

dissipation in electrophoretic systems, and for fast temperature cycling in certain 

applications.28 

 

High throughput and efficiency  

Since the total dimensions of a microscale analysis device are considerably smaller than a 

regular macroscopic one, the time required for performing the analysis is markedly reduced. 

                                                 
24 Nguyen & Wereley 2002, pp. 386-401 
25 Ehrnström 2003 
26 Ehrnström 2002 
27 Madou 1997, p. 430 
28 Sanders & Manz 2000 
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This fact, combined with the ability to parallelise the process with minor mutual variations, 

confers the ability of very high throughput, i.e. number of analyses per time unit.29 The 

fastened processes also admit a higher level of total analytic efficiency, if combined with the 

improved performance of the separation or detection element, as mentioned above, and the 

lower level of sample-zone band broadening.30  

Caveats and Drawbacks 
Of course there are also drawbacks with miniaturisation, and – most importantly – it is not 

always defensible to miniaturise a certain system. There must be very prominent causes for 

the development of a microscale system, as the primary competitors always will be the 

established macroscale technologies. Often, the chemical performance of a microsystem must 

be not only better, but orders of magnitude better to be considered an actual alternative to its 

macroscale equivalent. 31  

    One true obstacle of microfluidic systems to date seems to be the problem of creating 

reliable and robust systems that do not only hold for ideal conditions, but also can actually 

perform well under virtually any circumstances. The explanation to this would be that the 

number of significant properties increases, as the system gets smaller: substrate material 

properties, liquid properties, electrical and magnetic properties, etc. All of these might be 

neglectable in a macrosystem, but in a micrometer scale system the liquid viscosity change 

due to temperature change can be of great significance to reproducibility. 

    There are a number of practical as well as theoretical obstacles to overcome before 

microscale chemistry can be a truly controllable technology. Among these, the most 

immediate are presumed to be the following: 32 

- Highly controllable pumping and liquid control  

- Control of surface tension, bubble formation and liquid evaporation  

- Control of surface chemistry for optimal surface properties 

- The interface between macro- and microchemistry, i.e. how to optimise the 

surrounding macroscale chemistry to the requirements of chip-based system and vice 

versa.  

  

Some Applications of Chip-based Chemical Analysis 
A wide range of chip-based microscale chemical analysis applications has been proposed in 

the literature. The bulk of the research has been focussed on applications in life science, 

particularly in the biochemical field, but there are also interesting cases where MST has been 

                                                 
29 Ehrnström 2003 
30 Sanders & Manz 2000 
31 Ehrnström 2003 
32 Ehrnström 2002 



 11

used to construct on-chip systems for environmental monitoring and for forensic and 

military purposes. The following is a short introduction to some of these different 

applications. 

 

Genomics  

The application of microsystems to nucleic acid analysis and related applications has been 

one of the most explored in chip-based analysis. The primary reason for this is the need for 

quick and easy ways of amplifying and gene sequencing in small assays, whereas the existing 

“sequencing factories” are considered cumbersome and inefficient. The urge is to minimise 

the need for expensive robotics and reduce costs involved in sequencing. The separation 

efficiency of microfabricated systems when considering nucleic acids is also driving force, 

especially in capillary electrophoresis. The total necessity of small systems for e.g. small 

nucleotide polymorphism analysis and quick genotyping is increasing in the post-HUGO era, 

as the number of model organisms increase and each reaction must therefore become 

cheaper.33 

    Systems have been developed that handle DNA separation and analysis, sequencing and 

polymerase chain reaction (PCR).34,35 Recent development has also made an integrated 

device for Sanger extension, purification, electrophoretic analysis attainable.36 The main 

advantages of these systems tend to be quickness, and sample and reagent reduction. The 

best example of a true microscale benefit is in on-chip PCR, where the use of improved heat 

dissipation has been utilised to get quicker and more well-defined heat cycles. Several 

different structural solutions have been developed and used; one of the most delicate is the 

meander-channel solution by Kopp et al.37  

 

Proteomics   

The field of protein investigation – or proteomics – has evolved significantly in the life 

sciences since the middle of the 1990s, as we are approaching the so-called post-genomic era 

and the Human Proteome Project (HUPO).  There are several reasons for this, but the most 

important is the fundamental wish to understand cellular processes in detail, and the 

identification of proteins as being much more interesting, from a therapeutic point of view, 

than the static genome. Therefore, great efforts have been put into finding methods for quick  

and reliable protein profiling, i.e. identification of protein content of certain cells at certain 

stimuli, and functional proteomics, i.e. primarily the analysis of interactions between 

                                                 
33 Paegel et al. 2003 
34 Auroux et al. 2002 
35 Verpoorte 2002 
36 Paegel et al. 2003 
37 Kopp et al. 1998 
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proteins and certain ligands – e.g. DNA, RNA, lipids, sugars, small molecules and other 

proteins.  

    Microfluidic technology has not yet become much applied in proteomics, but there are 

strong indications that the technology is well suited for protein analysis. The primary ground 

for on-chip analysis being liable to assist in protein research is the possibility of integrating 

and parallelising multi-sample processes.38 This is important in proteomics, due to the very 

small amounts of sample available, creating the need for highly efficient and specific 

separation and detection at sub-femtomole substance amounts.  

    The most important applications identified in “pure” proteomics are those associated with 

mass spectrometry (MS) 39, which today is the predominant analysis method in both 

functional and profiling proteomics. In this field microfluidic systems have a good chance of 

not only providing superior high-tech solution to problems already solved, but to actually 

propose a new means of increasing analytical efficiency, and to substitute the existing 

technology. 40 

    One of the reasons why chip-based technology has been identified as interesting is that 

several successful attempts have been made to couple capillary separative techniques with 

different MS technologies in so-called hyphenated technologies.41 The most usual example is 

the coupling of capillary electrophoresis to MS to conduct preliminary separations (CE-MS), 

but other technologies are also being developed, e.g. capillary electrochromatography (CEC-

MS). 42 The primary MS variants employed are electrospray ionisation MS (ESI -MS)  43 and 

matrix-assisted laser desorption ionisation time-of-flight MS (MALDI-TOF-MS).44       

 

Pharmaceutical Applications  

Microfluidic systems also propose good opportunities for applications in pharmaceutical 

research and development. Especially in high-throughput drug screening, the possibility of 

miniaturisation and integration of several reaction steps put forth new ways of quick and 

reliable testing of interactions. Working with highly parallelised assays on a nanoliter scale 

can make the process of combinatorial chemistry more easily implemented and less 

laborious. 45,46 

    One considerable advantage of miniaturisation in this case is also the increased speed with 

which assays can be performed. Microscale chemistry is already used for interaction analysis 

                                                 
38 Figeys 2002 
39 Figeys & Pinto 2001 
40 Oleschuk & Harrison 2000 
41 Sanders & Manz 1999 
42 Guzman & Stubbs 2001 
43 Samskog 2003 
44 Gobom 1999 
45 Ehrnström 2002 
46 Kricka 1998 
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for drug development, in the key application areas from “hits”, i.e. the preliminary positive 

result of a high-throughput drug screening, to the kinetic characterisation of these to 

potential lead compounds.47   

 

Forensic and Military Applications 

Apart from the purely life-science oriented applications, the BioMEMS technology in general 

and the chip-based microfluidic devices in particular propose interesting applications in 

forensics, i.e. technology associated with police investigation, and military defence.  

   In forensics, there are several applications to miniature systems. In a rigorously extensive 

article, Sabeth Verpoorte gives an overview of microfluidic applications for forensic science, 

where she categorises the forensic applications into four major groups: 48 

1) Drugs of abuse and therapeutic drugs (law enforcement/quality control) 

2) Drugs and endogenous small molecules and ions in biofluids 

3) Proteins and peptides 

4) Nucleic acids and oligonucleotides    

The fundamental cause for the applicability of microfluidics in forensics is the speed and 

portability of miniature systems, which can be attained – at least in theory. As yet, there are 

no purely microfluidic devices for forensic use, but the proposed applications include 

portable systems for on-site drug testing in blood or urine, fast control of drugs content, 

determination of explosive residue content and several others.  Most systems are based on 

the analysis of small organic molecules in biofluids, as most drugs and explosives are carbon-

based molecules of low mass.  

    Yet, the applicability of both protein/peptide and nucleic acid analysis in forensics is not 

negligible. Many toxins are peptides and there are several reasons for quick and portable 

analysis, e.g. in food quality control. The same is true for nucleic acid analysis, where speed of 

analysis can have immense importance, e.g. in DNA tests on blood, saliva or semen stains 

and hair collected at a site of crime.49 

    Military applications have become increasingly popular among those associated with chip-

based systems. The threat of chemical and biological terrorism has caused great efforts in the 

development of smart, autonomous sensors based on MST. 50 The development of integrated 

chemical and biological sensors for use in military defence would be of great significance, 

especially when considering viral and bacterial detection.51   
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Point-of-Care Clinical Testing  

The goal of clinical diagnostics is to perform rapid, early and sensitive detection of a disease 

state. To this end, there is much information to be gained through the biochemical changes in 

a patient’s blood, saliva or urine. This information today is collected through sampling of 

body fluids at the doctor’s office, thereafter it is sent to a large-scale central laboratory where 

it is analysed. This procedure is costly, both regarding time and money, and furthermore it 

craves fairly large amounts of sample – for instance regular blood tests are performed on a 

many-millilitre scale.  

    In a point-of-care (POC) clinical testing system, the sampling and analysis are supposed to 

be performed entirely at the doctor’s office, by the patient’s bed or in the long run at the 

patient’s home. Through this, one can minimise the sample volume, reduce the time needed 

to get a basis for diagnosis and, with minute sample amount, parallelise several assays using 

the same sample. Microfluidic technology is considered very well suited for this type of 

applications.52   

    The POC approach, on the other hand, poses large requirements. For instance, the tests on 

such equipment are supposed to be performed by untrained personnel, resulting in high 

demands on system reliability and “fool-proof” interfaces. Moreover, central labs with 

specialised personnel can be very cost-effective, making it hard to justify on-site 

microlaboratories. 53  

    To date, there are only a few true POC instruments on the market, but the number is 

anticipated to increase as more and more of the technical obstacles are overcome.54 Those 

already present are focussed on urine analysis, where different groups have performed amino 

acid assays, carnitines and acylcarnitines, uric acid and similar analyses.55 Also enzyme and 

other protein assays have been implemented, as well as DNA assays.56 

The Concept of a Micro Total Analysis System 
In common to all the aforementioned analyses and applications of BioMEMS is that they to 

some extent try to make use of the micrometer scale for a quicker, less costly and more 

controllable means of analysis. Yet most of the research put hitherto into chip-based 

chemistry has been focussed primarily on the chip technology and the chemical analysis 

itself, i.e. the analytical method and principle. To be able to use these performance 

improvements, one has to take into account also the analysis procedure, including the 

sampling, the sample transport and preparation – in short, the whole system surrounding the 
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chip.57  Many of the advantages conveyed by miniature systems become insignificant if the 

rest of the system is on a macroscopic scale. Considering e.g. a chip-based assay where the 

detection element needs 100 nl of sample, but the sample introduced into the system is on a 

millilitre scale or more, one sees the drawback of the regular macro-microworld interface.   

    In 1990, the concept of a Micro Total Analysis System (µTAS) was presented, a concept 

where not only the element of detection was solely interesting, but also the complete chain of 

sampling, sample transport, chemical reactions and detection.58 According to the authors, the 

full potential of chip-based analysis would not be used until all the elements of the 

surrounding chemical system were also miniaturised. Fundamentally, all analytical 

procedures follow a certain set of processes in a well-defined sequence. The major part of this 

procedure, however, is regularly performed off-chip, through regular macroscale chemical 

protocols. This fact can also seriously impede the advantages of miniaturisation, if the time 

and reagent consumption minimised through the microscale approach is made neglectable 

when considering the amounts of time and reagents required for the off-chip treatment. 59  

    The fundamental issue for the realisation of the µTAS is therefore the integration of several 

functional elements on the same chip, so as to optimise the sample usage and decrease 

system dead-volumes and performance losses through simple sample transport. The 

integration of many functions also conveys other advantages. Above all, integration decreases 

user intervention, which is considered the major source of error from any chemical – or 

experimental – point of view.  It therefore also improves the reproducibility of the assay, 

which can be of great importance in both clinical applications and drug discovery.  

Furthermore, integration can improve productivity simply through the reduced risk for 

process bottlenecks and a higher level of automation potential.  Finally, a well-miniaturised 

and integrated system can limit the risk of sample losses when dealing with very precious 

samples.60,61  

    But integration does propose quite a lot of trouble and certainly is not easily achieved. For 

instance, the macro-micro connections associated with the fluidic systems must be taken into 

account. These “world-to-chip” links and other packaging issues have been reviewed62, but 

there seems to be no major interest at the moment to further exploit this part of this product-

development related issue in the academic world, even though important exceptions exist.63  
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    An important aspect of integration is the increasing complexity of the system, which can 

lead to difficulties in liquid control and higher counter pressure. For every added step the 

controllability of the system can decrease with orders of magnitude.64 

The Construction of a µTAS  
There is a multitude of different approaches to how to construct a chip-based µTAS. There 

are many parameters that have to be defined, as they have large impact on the applicability 

and efficiency of the complete system. Not only does the nature of the chemical detection or 

analysis element influence the performance, but all the integrated parts of the system. All 

these parameters have to be chosen taking into account what chemical principle is used for 

the analysis, but many of these parameters also influence each other, and there are no linear 

connections or standard recipes for how to optimise the behaviour of a µTAS. The major 

parameters that have to be taken into consideration are listed below and also compiled in 

table 2. (Note that most of the process techniques mentioned here are explained further in 

Appendix 1: Microstructure Technology, as the information would be far too extensive to 

present alongside this part.) 

 

Substrate materials 

There are several conceivable substrate materials for microscale chemistry, but there are 

three categories of paramount importance: silicon, glasses and polymers.  Almost all the early 

µTAS systems were constructed from silicon or glass, depending on the level of the MST 

developed for these. All standard lithography, etching, deposition and bonding techniques 

could be used for the construction of channels and many other structures on these substrates. 

As the demands for disposability and higher performance have grown, along with the need 

for cheaper substrates for mass production, more chip-based technology has been developed 

in different polymeric materials.65 On the whole, microfluidic devices have been reported on 

silicon, glass, polymer plastics, silicon-glass hybrids and silicon-plastic hybrids.66  

    The desired properties for an ideal µTAS substrate material includes the following: 67  

• Availability at low cost and good mass replication properties, 

• Appropriate and well-defined chemical, thermal, electrical and optical properties for 

the intended application, 

• Compatibility with many different reagent solutions, 

• Enabling of chemical surface modification as well as physical surface design, and 

• Properties that make it easily bonded, for encapsulation of the microsystem 
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Considering the above stated, silicon has the advantages of extremely well-defined physical 

properties, a formidable range of process technologies for high-resolution physical surface 

design and bonding, and also the strong connection to electronics, for the sake of integration 

of on-chip circuits. On the other hand, silicon is a fairly expensive material, which is not very 

appropriate for disposable elements. Its chemical properties are robust, but not very flexible. 

Reliable chemical surface treatments exist 68, and since silicon is a metal, a natural oxide 

grows when the substrate is exposed to air. The hydrophilic and hydrophobic properties of 

silicon and its oxide have been investigated and are rigorously defined69. Yet, to some 

applications silicon is absolutely improper; in CE technology the establishment of a reliable 

electro-osmotic flow proposes large problems due to the intrinsic conductance of the 

silicon,7 0 and silicon can also be harmful and toxic in some biological applications – e.g. for 

DNA polymerase – making it impossible for in-vivo experiments.7 1  Silicon is also transparent 

neither to visible nor UV light. 7 2  

    Glasses hitherto are the second most used substrate materials for on-chip analysis. This is 

based mainly on the fact that glasses are very appropriate for CE applications as it is possible 

to establish smooth electrical fields along the channels. Some high-quality glasses are also 

well transparent for UV and visible light, which is an invaluable property in many chemical 

assays, e.g. when using fluorescence for detection. There are also well-defined surface 

chemistries to apply.7 3 On the other hand, etching of glass poses problems due to the 

amorphous structure and the common intrinsic tensions.7 4 It is also hard to bond glass 

plates, as it requires high temperatures or harsh chemical treatments, making it hard to 

maintain the effect of any pre-bonding biochemical surface treatment.7 5   

    Polymeric materials have become more common for on-chip applications. The main reason 

is believed to be the possibility of cheap mass production of disposable chips.7 6 In general, 

polymeric materials pose interesting properties for applications in microscale laboratories. 

Yet it is hard to generalise, since the properties between different plastics vary substantially. 

The most important polymer substrates used to date are poly (methyl-methacrylate), 

(PMMA, also known as Plexiglas), poly-(dimethyl siloxane) (PDMS, or Silicone rubber), 

polycarbonate (PC), polystyrene (PS) and polyethene (PE). Also polyimide (PI), Zeonor and 
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polyetyleneterephtalate (PET) have been used in chip-based analysis systems. Also a vast 

number of MST techniques have been developed for this sake.7 7   

    The major advantage of a plastic substrate is the flexibility concerning both bulk and 

surface properties. Polymeric materials can be brought into line with the needs of the 

chemical assay to a much higher extent than can glass or silicon. Also the biocompatibility of 

plastics often is superior to that of silicon or glass; in theory, there should be a polymer for 

every imaginable chip-based application. On the other hand, depending on what polymer is 

used, there are many problems associated with the use of polymeric materials. Their thermal 

properties are unfavourable, their electrical properties are unpredictable and their 

mechanical stability can be very dependent on temperature etc.7 8 In CE applications, plastics 

have a tendency towards not withstanding the high electrical field strengths, and when using 

non-aqueous solvents they might be prone to dissolve.  

    Connected to the choice of substrate material is of course the choice of chemical 

modifications of the surface. In biochemistry and surface and physical chemistry there are 

numerous standard protocols for different applications. Since it is possible in most cases to 

modify the surface at will, given the limitations of the substrate itself, the standard 

procedures of chip-based surface modification does not differ significantly from that on a 

macroscopic scale. Still, there are also a lot of surface modification techniques that originate 

from the MST field, e.g. O2-plasma treatment for activating surfaces, spray spotting with ink-

jet printers, laser ablation and several chemical and physical vapour deposition techniques. 7 9 

 

Liquid propulsion  

There are several much-used means of propulsion in chip-based technology, and they all have 

their merits and flaws. Liquid propulsion is a very important key element in microfluidic 

systems, since the macroscopical laws for liquid moving do not apply. In general, one can 

observe two major groups of propulsion principles: mechanical and chemical. Included 

among the mechanical forces are pressure, centrifugal force, and ultrasonic propulsion. 

Among the chemical principles the electrochemical principles are most prominent 

(electroosmosis, electrohydrodynamic, electrophoresis etc.), but also capillary force can be 

considered a chemical means of propulsion.80  

    To date chemical propulsion, and primarily electrochemical, has been the most favoured 

technique. Much is this due to the “translation” of traditional CE to chip-based CE, which was 

among the first applications, but also to the relative ease with which aqueous solutions can be 

handled in chip-based systems. Yet, for non-aqueous solutions, the electrochemistry does not 
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apply as readily, and moreover the technology is very dependent also of the composition of 

aqueous solutions, in particular concerning pH and ionic strength.81 Furthermore, using 

electrochemistry creates Joule heating of the liquid, which can have detrimental effects on 

the sample. It is also hard to parallelise using electroosmotic flow, due to the requirement for 

very homogeneous liquid composition – with the result that “real”, unprepared samples can 

hardly be transported in parallel.82 

    Concerning the different means of mechanical propulsion, there are two major 

mechanisms: centrifugal and pressure-based. In common to both is the relative 

independence of liquid composition; apart from viscosity its chemical properties do not affect 

the transport. On the other hand both technologies have their drawbacks: 

    Centrifugal force is flexible and has a good dynamic range but is hard to control, and it is 

better suited for discrete flow than for continuous. It is dependent on viscosity, density and 

channel geometry and is also highly dependent of good spinner technology. On the other 

hand it is well suited for parallelisation, since the flows are independent of each other. 

    Pressure-driven flow is dependent on viscosity and channel geometry. It is easily controlled 

and – given the right pumps – very reliable. Its major disadvantage is its non-propensity for 

parallelisation, due to the flow counter-pressure, which behaves analogously to Kirchhoff’s 

laws. 83 But there is also the aspect of intrinsic pumping. To date there is no standard 

technology for integrated micropumps, even though many concepts exist.84 This is opposed 

to both centrifugal and chemical propulsion, in which no external pump has to be attached. 

This means that pressure-driven pumps are not yet fully integrable, although several 

construction attempts have been made. 

 

Integrated micropumps and microvalves 

A prominent part covered in the literature is the integration of pumps, valves and similar 

structures on-chip.  There is quite an amount of different pump designs based on mechanical 

(hydraulic, pneumatic, peristaltic) as well as non-mechanical technology (magnetic, 

electrokinetic, electroosmotic etc).85 The same is true for microvalves and other fluid control 

devices, where a tremendous amount of different designs have been produced, where the 

function is based on either pneumatics, thermopneumatics, thermomechanics, 

piezoelectricity, electrostatics, electromagnetism, electrochemistry or capillary force.86  

    The choice to integrate micromachined valves and pumps influences the choice of substrate 

material, both considering micromechanical and electrical properties. This has led to that 
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many of these structures are developed by microengineers and not primarily by chemists, 

with the result that most of them are constructed on silicon wafers or other traditional 

micromechanics materials.87  For reasons mentioned earlier, there has been a discrepancy 

between the designs developed by MST engineers and chemists, where the latter tend to 

adopt much simpler solutions with fewer moving parts, and with greater emphasis on surface 

chemistry than on surface micromachining.   

 

The need for on-chip sample pre-treatment   

As mentioned above, one of the criteria and key elements of a full-fledged µTAS is the 

integration of sampling and sample preparation, in the same system as the detection. The 

theoretical basis for this is the fact, that before any analytical extraction of information from 

a sample is possible, a number of distinct preparative steps have to be performed. These steps 

are not seldom rate-limiting, especially in high-throughput screening and highly automated 

analysis.88  

    Through the last few years, a much higher attention has been paid to how to integrate these 

steps on analytical monolithic (single-substrate) chips. A few examples have been published 

of front-end analytical systems with many, or all, relevant sample preparation steps 

integrated in sequence.89,90,91 It is always of great importance that a sample is prepared to 

ensure that the particular analyte is in a form that fits the analytical principle. To integrate 

these preceding steps on chip would enable a higher efficiency and eliminate the bottleneck 

of off-chip pre-treatment.  

    In certain applications, on-chip sample preparation would therefore be a much-desired 

feature. These include first and foremost the point-of-care diagnostic systems proposed 

above, where an integrated sampling and sample-preparation sequence should be beneficial. 

The possibility of performing highly frequent standard tests faster and on a portable 

instrument is attractive to both clinical chemists and scientists. 92 Also in forensics and 

military applications, the possibility of handheld miniaturised systems would be gainful, 

especially when it is supposed to be used by untrained personnel and with a minimum 

amount of manual preparation.93    

    Another interesting application is using chip-based sample preparation in hyphenated 

technologies, and thereby making use of the miniaturisation for the sake of preparation only 

– not for detection or other analysis. This has been done as preceding steps, primarily prior 
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to different mass spectrometric techniques 94, but there could also be other applications, e.g. 

nuclear magnetic resonance (NMR) or X-ray crystallography.95 The catch is to perform a 

better signal-to-noise ratio via preliminary sample treatment, instead of increasing the 

demands on the instrument itself.  

    Yet it is not self-evident that all sample pre-treatment has to be performed on chip. In 

many applications the variety of the samples, the complex nature of a certain sample or the 

number of steps involved precludes a full, integrated preparation sequence.96 There are also 

applications where there is no defendable cause for integrated preparation, as the only reason 

for miniaturisation of the analysis is gaining higher analytical performance, e.g. in 

applications for basic research, with reasonable amounts of sample and no need for high 

throughput.97 ,98 In these cases, integrated preparation can be even counter-productive, since 

a simple system certainly is more controllable.  In many cases on-chip preparation 

undoubtedly can be substituted by regular, automated, batch-wise preparation, where most 

sources of error would be eliminated.99  
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Sample Preparation on a Macroscopic Scale  
This chapter is intended to introduce the reader to the principles of chemical, primarily 

biochemical, sample preparation. Sample preparation is ubiquitous in all types of chemical 

applications, but is highly dependent on the specific analysis techniques involved. It is not the 

intention of this chapter to explain all the details of every imaginable protocol, but to perform 

an introduction to the fundamentals of chemical sample preparation, and what are the 

desired properties and goals of this. Also a brief survey of the properties of typical crude 

samples is performed, along with different standard procedures and fundamental steps in 

some typical preparation protocols.  

Fundamental Aspects of Sample Preparation 
The idea of sample preparation is always to put the analyte in optimal condition for whatever 

chemical analysis – qualitative or quantitative – method is used. To obtain this, a number of 

standard protocols have evolved in the chemical laboratories. These protocols are based on 

certain elementary steps, which each have a certain function in the process of preparation.100 

    One of the most fundamental aspects of sample preparation is that the objective governs 

the strategy. For basically every chemical analysis, there is an individual sample preparation 

procedure, fulfilling the specifications of the analytical element in use. Due to this fact, there 

is no universal procedure or generally applicable technique that works for all occasions.  The 

steps involved in a sample preparation procedure depend on the nature of the sample as well 

as the nature of the analytical principle. Basically the object of a sample preparation is to 

retain the analyte of interest, and get rid of other chemical compounds in the sample.101  

 

Parameters of Preparation  

There are many dimensions in which a sample preparation procedure can be undertaken. 

Very roughly, a preparative procedure is based on one or several of the following parameters: 

• Particle or molecular size 

• Chemical properties 

• Electrical properties 

• Biological affinity properties 

The proper way of designing a preparation protocol is to estimate what are the parameters 

most distinguishing the analyte in question from the sample matrix. In the ideal case, one is 

able to design an orthogonal preparation, meaning that each step refines the analyte with 

respect to a certain parameter, and that this parameter is unaffected by the previous 

preparative step. This is the case, for instance, when the first separation is based on 
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hydrophilicity, and the second is based on a specific interaction with a selective element, such 

as an antibody. To design reasonably orthogonal separations is a key issue in microscale 

sample preparation, where minimising the number of preparative steps can lead to 

minimisation of sample losses.  

    Preparative methods differ in their generality. Some methods are very general, in that 

respect that they can be used for basically any type of sample and obtain a crude yet efficient 

sample extraction. If combined with a more analyte-specific method, these quick-and-dirty 

methods can prove very time and cost-efficient, even though the following step is not entirely 

orthogonal, but at least not based on the same principle.  

    There are many ways of defining what are those parameters involved, and how they differ 

between classes or groups of molecules. Especially in the theory for extraction and 

chromatography, the constant refinement of classes of extraction parameters is fundamental. 

For a recent and interesting overview on this topic, see the article by Janusz Pawliszyn.102    

The Nature of Samples  
A sample – according to its broadest definition – can be just about anything taken from 

nature, with or without the intention to analyse it chemically. In this work, the samples are 

restricted to be biofluids, i.e. fluids including some kind of biochemical element, be it 

mammalian cells, microorganisms or seawater.  

    The primary goal of sample pre-treatment is to isolate a component of interest from a so-

called sample matrix, where the matrix is simply the surrounding medium. These media can 

be different in their level of complexity; some are very complex, like for instance blood, and 

some are much more uncomplicated, like tears and sweat.103  

    The initial characterisation of the physicochemical properties, also called the master 

variables of the sample and sample matrix, defines most of the strategies used for the 

preparation, at least when dealing with environmental matrices. These include temperature, 

density, colour, turbidity, pH value, redox potential, conductivity, surface tension etc, and 

can be measured to provide clues how to continue the preparation process.104   

    As mentioned above, biofluidic matrices range from very complex to very non-complex in 

their composition. Some of the most important biofluids have the following properties:  105  

 

 

 

 

                                                 
102 Pawliszyn 2003 
103 Ducrée & Zengerle 2002 
104 Paschke 2003 
105 IUPAC 2003 



 24

Blood  

Blood is one of the mammals’ most versatile body organs, and is therefore a very complicated 

sample matrix.  It is the primary transport medium for oxygen, nutrients, hormones, disease-

fighting agents and metabolites in the body, and consequently a very important sample type 

in diagnostics. A human body consists of 4.6-5.6 litres of blood. Its pH value is 7.4, i.e. 

slightly alkaline.  Mammalian blood can be parted into three separate categories, depending 

on the level of particle content: whole blood, plasma and serum.106 

   The ion content of blood is measured as a marker for a variety of diseases, e.g. abnormal 

levels of sodium can be related to kidney failure, and anomalic phosphate levels can be signs 

of parathyroid malfunction. The quantitative measurements of electrolyte content in blood 

are therefore important for monitoring cellular and organism function.  

    The enzyme activity of the blood can be measured as an indicator of several diseases, 

including hepatitis, prostate cancer and cardiac failure.107  

 

Whole blood 

 Whole blood (i.e. pure blood) is a cell and particle suspension consisting primarily of red and 

white blood cells in a plasma matrix. Due to its multipurpose physiological role it varies very 

much in constitution, e.g. in viscosity and cell content. Its electrical properties, for instance, 

are therefore very hard to foresee since both the ion strength and the dielectrical properties 

may vary from sample to sample.  Normally, the cell fraction of whole blood is ca 45%. The 

cellular constituents of whole blood are as follows:108, 

• The major part of the blood cell content is red blood cells (Erythrocytes), which are 

generally 7-8 µm wide by 2 µm thick and have a density of 4.5-5.0 million/ mm3.  

• The white blood cells (Leukocytes) are larger than the red, are spherical in shape and 

have a cellular nucleus. They have a lower level of abundance than the red cells: 4500-

11000 mm-3. The role of the leukocytes lies within defence mechanisms and 

repairative activity, and they can be divided into three groups depending on function: 

granulocytes, monocytes and lymphocytes.  

• Blood platelets (Thrombocytes) are not cells but cell-like particles. Their size varies 

between 2-4 µm and their shape is plate-like. The role of thrombocytes is in blood 

coagulation. Their abundance is 200 – 350 000 mm-3 
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Plasma 

Plasma is essentially blood without blood cells; 55% of the human whole blood consists of 

plasma. It is a much less complex matrix than whole blood, since 90-92% consists of water. 

The protein content is 6-8 %, corresponding to 70 g/l. The protein constituent is primarily 

serum albumin (HSA), the function of which is to obtain an osmotic pressure and to 

transport low-molecular metabolites as well as species of low concentration. HSA is present 

in a concentration of 44 g/l, i.e. more than 60% of the protein content. 

    The serum globulines are a group of high-abundant blood proteins, the concentration of 

which is 25%. Included among these are the gamma globulins, which are defence mechanism 

antibodies. Another important constituent of plasma is fibrinogen, which is turned to fibrin 

when in contact with oxygen, and thereby is the most important protein in the blood 

coagulation process. Blood plasma is the transportation matrix, which maintains blood 

pressure, distributes heat and controls pH.  

 

Serum 

Blood serum is very similar to plasma, but consists of the liquid supernatant after 

centrifugation of coagulated whole blood. This means that serum is blood plasma without 

fibrinogen, making it insensitive to oxygen for the sake of coagulation. Blood serum is 

therefore a less complex liquid than both whole blood and plasma, and therefore many 

diagnostic methods are optimised for serum, e.g. serum ion content analysis. 

 

Urine 

Urine is a filtration product of blood plasma and is therefore an estimate and “mirror image” 

of the blood content. Therefore urine analysis can often be made use of in diagnostics in 

general, but also particularly concerning the function of the kidneys and regarding 

metabolism and hormone balance. 

    The properties of urine samples vary significantly, but its pH should be between 5.5-8.0 

and its “specific gravity” value between 1.010-1.025. Apart from a water content of ca 99%, 

urine consists of various metabolites like urea, uric acid, urobiligen and creatinine. Urine 

samples should not include blood (leukocytes or erythrocytes), ketones, bilirubin, glucose or 

nitrites, as those are indicators of various diseases.109,1 1 0  

 

Saliva 

There are two basic constituents of saliva: a serous (fluent) and a mucous (more dense). 

Serous saliva consists of 99% water and 1% inorganic salts (that differ from the blood serum 
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salt content.) The viscosity of mucous saliva is governed by the concentration of the protein 

mucin. The enzyme content of saliva is an important feature: It includes amylase, ptyaline 

and hyalonuridase, which are involved in catabolism.  The overall pH of saliva varies between 

5.0-8.5. 

     

Cerebrospinal fluid 

The cerebrospinal fluid (CSF) is the fluid that surrounds and protects both the brain and 

spinal marrow. The CSF is obtained through lumbal punction, i.e. through a needle between 

the third and fourth vertebra. By assaying for blood cells and proteins, various diseases can 

be diagnosed, including Multiple Sclerosis (MS) or brain tumours.  

 

Cell suspensions 

There are many types of interesting cell suspensions apart from blood. For instance, bacterial 

cultures in nutrition medium can be of interest in microbiological research and protein 

biotechnology.1 1 1  

 

Environmental samples 

Environmental samples can consist of essentially anything, yet a typical sample could be 

seawater or earth. It is of no use trying to categorise environmental samples as they can vary 

from filtration of tons of melted artic ice, to gaseous samples collected close to industrial 

complexes.112 In most environmental chemical analysis, the analyte concentrations are very 

low, on the femtomolar level or below. A typical survey can be that of finding lipophilic small 

molecules in a very complex surrounding, such as finding pesticides in soil.1 1 3  

 

General Steps in Biochemical Sample Preparation 
There are several steps in biochemical sample preparation that can be considered general, or 

at least fulfil a function that is general to many preparation protocols. These can be 

categorised with regards to the fundamental purpose of the preparative step, whereas the 

actual protocol still is governed by the sample and principle.  The categories can be listed as 

in Table 1: 
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Table 1 - General steps in sample preparation 

Pre-filtering The use of some size-discriminating principle to disable 

particulates above a certain threshold or cut-off size to 

continue through the process. 

Cell lysing The disruption of cell membranes, and in some cases 

internal membranes, when studying intracellular 

compounds. 

Analyte extraction The general partition of the analyte from the crude and 

inhomogeneous sample matrix into an environment 

more appropriate for further, more specific, separation. 

Separation  The use of some chemical principle to discriminate 

between different chemical species in order to separate 

those from each other, and possibly retain those required 

for further analysis.  

Pre-concentration Collection of the analyte to a lesser volume, so as to 

enable a higher molar concentration, for a more 

straightforward and adequate detection. 

Derivatisation The chemical transformation of the analyte into a form 

recognisable by the detection element, e.g. fluorescent 

marking or enzyme digestion.  

Miscellaneous treatments E.g. fraction collection, aliquoting, dilution, reagent 

mixing, product storage, washing, heat treatment, 

evaporation, crystallisation, cell sorting etc. 

 

Pre-filtering 

When using samples consisting of e.g. bodily fluids or environmental samples, there is often a 

need to perform a preliminary filtering of the sample to rid it from particles like dust, 

coagulated blood, microorganisms and other mesoscopic material. Almost all pre-filtering is 

based on some size-limiting principle, where particles of size above a certain threshold value 

are physically impeded, stopping them from following the rest of the sample further down the 

sample processing line.  

    There are two general forms of filter types: axial filters, where the particles are obstructed 

by an impediment in the flow direction, and lateral filters where particles are retained 

through a filtering process that occurs orthogonally to the fluid flow. The axial filters depend 

on a very simple principle and are the most common, particularly for larger particles, 
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exemplified by sterile filtration of bacteria through syringe filters.  Lateral filters are based on 

the same principle as dialysis (see below).114   

    The most prominent features of filters are their pore size and porosity. The pore size 

defines the size cut-off, and is of great importance to filter performance. What is also of 

importance is the pore size distribution, which governs the actual confidence level of the size 

cut-off. The porosity is a measure of how much of the total filter area consists of pores, and is 

measured in total pore area per filter area. This characteristic is important for the level of 

flow restriction and trans-membrane pressure.1 1 5 

 

Cell lysis 

In many applications when working with living cells, there is a need to lyse – or disrupt – 

those to be able to analyse intracellular substances, thereby creating a crude lysate. There are 

several ways of disrupting cells on a macroscale, and the type of cells being lysed governs the 

method used. The applicability of these methods depends on the need for throughput, the 

force required to disrupt the actual cell type, and the fragility of the analyte in question. 1 16     

 

Chemical lysis 

Cells are disrupted through addition of a lysing reagent, often based on detergents like 

sodium dodecyl sulfate (SDS) and/or enzymes like lysozyme, zymolase or lyticase, which 

destroy the cell membranes. It is also sometimes possible to lyse the cells through osmotic 

shock, e.g. through dilution with deionised water, where the cells burst due to the osmotic 

pressure.1 1 7  

 

Mechanical disruption 

There are several ways of lysing cells mechanically. One very violent high-efficiency way is 

through pressing in so-called French presses. Cutting with different types of mixers or 

blenders is also an alternative using classical mechanics, a special form of these is the Bead 

mill where the cutting power is provided by small glass beads. 

    Ultra-sound sonication is an ideal method for suspensions of cultured cells. It causes the 

cells to burst due to the cavitation effects in the water, which tear the cells apart. 

 

Thermal lysis 

Thermal lysis can be performed either through repetitive freezing and thawing of the cells, or 

through thermal shock, i.e. fast heating of the sample causing the cells to burst. The former is 
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predominantly used for mammalian cells.118 The latter is only used when there is no risk of 

losing the biological activity of the analyte or when a higher temperature is part of the 

downstream processing.119  

 

Electroporation 

Due to its dielectric properties, the cell membrane can be lysed through an external electric 

field, through so-called electroporation. This is a fairly uncommon lysing technique.120   

 

Analyte extraction 

Extraction, as defined here, is the crude partitioning of the analyte into a more homogeneous 

surrounding. This is often needed to be able to isolate the analyte from similar compounds.  

For instance, after a cell lysis, a so-called lysate is formed. The lysate is an inhomogeneous 

mixture with particles and molecules of very varying size and properties. To be able to find a 

certain small molecule in this mixture, one might first have to rid it from larger particles like 

cell membrane debris or other matrix elements.121  

    Extraction is often based on the interactions between two phases, e.g. one hydrophobic and 

one hydrophilic, two incompatible polymers or a solid phase and a liquid one etc. Some of 

these principles and fundamentals are listed with due references in Table 2: 

 

Centrifugation122 

 

Extraction with respect to molecular mass and 

size in a gravitational field 

Liquid-Liquid Extraction (LLE) 123 

 (Or solvent-solvent extraction) 

Extraction with respect to solubility in one of two 

or more liquids. 

Aqueous Polymer Phase Systems124  

 

Extraction with respect to compatibility with one 

of two or more polymers. 

Solid-Phase Extraction125 

 

Extraction with respect to hydrophilicity and in 

some cases specific interactions.  

Table 2 - Principles of Extraction 

 

Separation  

Chemical separation is a wide area with a huge amount of standard techniques. In this field, 

some chemical principle is utilised for the objective of separating chemical substances. The 
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extraction methods mentioned above are of course also to some extent separation techniques, 

yet as defined here, a separation is more specific and has a higher level of separation 

efficiency.  Here, the principles of three basic “families” of separation technology are 

presented: chromatography, electrophoresis and field-flow fractionation.  

 

Chromatography 

This technology is based on the interaction and distribution relationship of an analyte with 

regards to a mobile phase and a stationary phase, e.g. the interactions between a liquid and 

the walls of a column. The principles of some very common and useful chromatography 

variants are listed in Table 3: 

Liquid Chromatography (LC)126  

(or Low Pressure Column Chromatography) 

Based on the interaction between a liquid sample 

phase and a solid extraction phase, generally 

polymer particles.  

High Performance Liquid Chromatography 

(HPLC)127  

 

Based on the same principle as LC, but works 

generally with higher pressures, smaller particles 

and thinner columns 

Size-exclusion Chromatography (SEC)128 

(or Gel Sieving, Gel Filtering) 

Interaction between a liquid and a sieving 

medium, generally porous polymer beads, which 

impede particles according to size. 

Ion-exchange Chromatography (IEC)129 

 

Based on electrostatic interactions between 

oppositely charged particles.  

Affinity Chromatography (AC)130 

 

Based on biological interaction, e.g. between 

immobilised antibodies and their analyte 

antigens. 

Hydrodynamic Chromatography (HDC)131  

 

Larger particles move faster in a high-pressure 

fluid field.  

Capillary Electrokinetic Chromatography (CEC)132 Based on the interaction between an 

electrokinetically driven fluid and a solid phase, 

e.g. polymer beads.  

Table 3 – Principles of Chromatography  

Electrophoresis 

Electrophoresis in general is based on the different electrophoretic mobility of charged 

particles and molecules in an electrical field. The potential difference between the cathode 
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and anode makes the particles migrate at different speeds and directions, which separates 

them from each other. Some common electrophoretic techniques are listed in Table 4. 

  

Gel Electrophoresis (GE) 133 Standard procedure, with polyacrylamide (PA), 

agarose or other gel matrix. In SDS-PAGE, the 

analyte is pre-treated with a surfactant to obtain a 

size-dependent net charge. 

Free-flow Electrophoresis (FFE) 134 Separation without a solid phase, which makes the 

size of the analyte less restricted by the porosity of 

the gel medium. 

Capillary Electrophoresis (CE) 135 Free-flow electrophoresis in thin capillary tubes. 

Iso-electric Focusing (IEF) 136 The analyte migrates in a pH gradient in a gel 

matrix, and halts at its iso-electric point, pI. 

 

2D Gel Electrophoresis (2D-PAGE)137  A 2-dimensional combination of the IEF and the 

PAGE technologies. Often used in protein 

analysis. 

 

Table 4 – Electrophoretic principles 

 

 

Field-Flow Fractionation 

Field-flow fractionation (FFF) technology is based on the retention of particles in a field 

perpendicular to the pressure-driven flow of the column. Particles of different size are 

selectively partitioned into flow lines of different velocities; this makes them separate along 

the column length. As yet, this technology has not become fully commercially established. 

The basic concepts for separation with FFF are listed in Table 5. 

 

Electrical FFF (EFFF)138 

 

Electrical perpendicular field: separation with 

respect to particle surface charge density and 

mobility in the E-field  

Thermal FFF (ThFFF)139 Thermal perpendicular field: separation with 

respect to molecular size and mobility in different 

temperatures. 
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Sedimentation FFF (SdFFF)140  The perpendicular field is gravitational: 

separation with respect to particle size 

 

Dielectrophoretic FFF (DEP-FFF)141  Alternating dielectrophoretic field, causing the 

particles to find equlibrium in different parts of 

the flow profile and thereby separate with respect 

to size.  

Flow FFF (FFFF) 

 

 

Perpendicular liquid crossflow through a 

semipermeable membrane.  

  Table 5 – Field-flow Fractionation principles 

 

Pre-concentration 

When working with samples of very low molar concentration, which is often the case in 

bioassays for low-abundance proteins and trace element analysis in environmental analysis, 

it can be necessary to collect the substance to obtain more substance in a lower solution 

volume, i.e. a pre-concentration step.  This can be performed with both chromatography and 

electrophoresis, but there are also other methods like those below.  

    Dialysis is a method of passively letting the solvent diffuse over a semi-permeable 

membrane, through which the analyte molecule cannot diffuse. The osmotic pressure causes 

the concentration of the analyte to increase within the membrane-enclosed container. 

    Gel stacking or isotachophoresis is an electrochemical way of increasing the sample 

concentration. The use of two different voltages is applied, one low for the stacking and a 

higher for the electrophoresis. The lower voltage makes the analyte move through a large-

pore gel and stop at the interface to a small-pore gel, thereby accumulating the analyte by the 

interface 142 

    Solid-phase extraction (SPE) is also used for analyte pre-concentration, e.g. before an MS 

analysis or before chromatography. Here, the analyte is adsorbed to the SPE beads, while the 

solvent flows through. Then the analyte is released and eluted in lesser volume.143 The major 

difference between this and regular column chromatography is the very short and compact 

column configuration.  
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Derivatisation  

There are several methods of analysis that require a chemical modification of the analyte to 

be able to detect or quantify it. In the general case, it is the detection element that needs a 

certain input, but it can also be part of a standard procedure. 

    A typical derivatisation is tagging or labeling the analyte with a fluorescent dye or some 

other optically detectable marker. This is required in systems where the analyte does not have 

an intrinsic fluorescence. In a standard case, a fluorescent marker molecule is chemically 

attached to the analyte through well-defined and foreseeable interactions. 

    Before analysis with various spectroscopic methods, the sample needs to be crystallised. 

This is the standard procedure for instance in X-ray crystallography, where pure crystals of 

the analyte are desired. Yet also for analysis with MALDI-MS, a crystallisation is needed. In 

this case the crystals are products of the analyte and a certain matrix molecule, which 

crystallize together as a means of immobilisation.   

    In some sample preparations it is also of necessity to use an enzymatic pre-treatment of the 

analyte before analysis. This is true for different MS techniques, where proteins are digested 

to peptides by trypsin or other proteases. It is also true for some DNA and RNA analyses, 

where treatments with EcoR1 and similar restriction enzymes cut the nucleic acids in smaller 

parts. 

 

Miscellaneous  

There are several other steps that have to be performed in order to process the sample from 

its original form to a form suitable for the analysis element. These include fraction collection, 

which is sometimes necessary to collect and store the purified analyte, and aliquoting, which 

is performed to get the right amounts of sample before further analysis. It also includes 

storage of the sample and the purified analyte.  

    Other obvious steps include mixing with various reagents and sample dilution, washing of 

the purified analyte to clean it from solvent and other contaminations, and sometimes 

evaporation of the solvent or similar steps like heat treatments. All these steps depend on the 

separation method chosen, and the sample obtained.   

 

On-chip Sample Preparation as of Today 
As mentioned above, throughout the last years, the need for on-chip sample preparation has 

been increasingly recognised. The following survey is performed to present the status of on-

chip sample preparation as of today. Since the subject of sample preparation is indeed 

considered primarily a technical issue of commercial interest, academic research has been 

focussed on this to a very moderate extent. This results in this survey including a large 
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amount of sample preparation systems that are part of commercially available products, and 

therefore not necessarily easy to present stringent information on.  

    Sample preparation methods sometimes include analytical methods, e.g. chromatography, 

electrophoresis or other separation methods. The thin line between preparative and 

analytical separations is sometimes hard to assess, but as a rule of thumb: if the method is 

intended to prepare the sample before another step, it has been included in the survey, 

otherwise not. 

    For further recent reviews on microscale sample preparation, turn to the articles by 

Andrew de Mello and Nigel Beard144, and Sabeth Verpoorte145, respectively. For issues on 

process technology, turn to Appendix II: Microstructure Technology.  

Pre-filtering 
There has been quite a lot of research done on microstructures for different types of filtering. 

The structural solutions vary depending on application, yet most of the filters developed can 

be categorised as either membranes or filters based on some type of structural flow 

impediments in the microchannels.  

    The theory behind both approaches is to, by the use of a flow restriction, stop particles 

above a sharp cut-off or threshold size from passing the impediment. There are also demands 

on a small variation in pore size distribution, of a low pressure loss over the membrane and 

of enough mechanical strength not to break from the fluid flow.146 Apart from this, well-

defined shapes of the pores and chemical inertia regarding the chemical objective are 

preferred characteristics. 

 

Membrane filters 

Membranes for filtering have been a viable area of research, since they are applicable to many 

chemical processes.147  Basically, macroscale membranes can be constructed of any material, 

but only a few materials have been utilised in MST-fabricated membranes so far. Most of the 

design examples found are constructed in silicon and silicon-related materials, yet there are 

some examples of polymeric membranes, e.g. constructed with LIGA technology.148 

    One of the key issues in microfabricated membranes is the minimisation of the pore size, to 

enable chemical separations of as small molecules as possible. This is noteworthy, as many of 

the filters listed below have a size cut-off of several micrometers. These can filter mammalian 

cells, but not all bacteria and has no selectivity versus macromolecules. As can be seen in 

Figure 2, the threshold for filtration of bacteria is below 0.5 µm (Fig. 2).  
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Fig. 2 – Ranges of Filtration  

The dimensions required for different filtration processes.  

(From the Pall Filtration Forum. Used with kind permission. © Pall Corporation ) 
 

Other key issues are how to integrate the membrane filter on the chip and how to avoid 

clogging of the membrane, i.e. how to integrate some cleansing function.149 Some of the 

approaches to microscale membranes found are listed and evaluated below. Note that some 

of the abbreviations mentioned are explained in Appendix II: Microstructure Technology. 

 

• The most common process of producing membranes is a regular microfabrication 

process for silicon nitride or silicon oxide, using RIE and anisotropic etching. With a 

pore size ranging between 4 and 10 µm and with different pore designs, these obtain 

mechanical strength, but relatively high cut-off due to the limitations of the 

lithography.150 With interference laser lithography the pore size can be reduced to 

between 65-500 nm.151  The materials are fairly inert and can be used for applications 

in biochemistry. 
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• A technique used by Kittilsland et al. was to use heavily boron-doped etch stops to 

create a filter with pore size down to 50 nm.152 Although the uniformity of the mesh 

size was and the pore size well defined, the porosity was very low. 

• Membrane filters made of porous silicon have been reported, yet primarily for electro-

dialysis and not for filtering of particulates.153 

• A lateral flow filter made of PMMA, where the pores are fabricated through X-ray 

lithography is reported, and also the use of LIGA for construction of iso-porous 

membranes with high porosity.154  

• Ion track lithography is an interesting technique for producing nanometer-sized pores 

in different polymer membranes, including polycarbonate and polyimide.155 For 

instance, polyimide membranes have been produced as integrated parts in a 

microchannel, with pore sizes ranging from 50 nm and up, and with a porosity of 106-

108 cm-2.156 

 

Structure-based filters 

The production of integrated structure-based filters is more straightforward than membrane 

filters when considering on-chip integration. Both axial and lateral filters have been 

produced in silicon as well as in polymeric materials.157  The typical structure-based filter 

consists of some microfabricated structures impeding the flow in the channel. The critical 

dimensions are the gap sizes, which are limited by lithography and material properties. A few 

approaches have been performed as follows: 

• An additive-type lateral filter of a robust design has been produced using sacrificial-

layer technology. Here, the pore size is 0.04 µm and the maximum pressure is 3*105 

psi.158  

• Several axial filter networks of collocated monolith support structures (COMOSS) 

have been reported.159  For instance, these have been used for separation of red blood 

cells from blood160. A microfabricated silicon cage has been used for retention of 

particles for a bead-based assay161  and silicon microposts have been integrated in a 
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microchannel for white blood cell isolation before PCR.162 These have all the 

mechanical strength required, but are prone to clogging.  

• A variant of the axial COMOSS filter is a lateral percolation filter fabricated in 

quartz.163 Here, the network of intersecting channels had the dimensions of 1,5 µm 

broad by 10 µm deep. The essence with this filter type is that it avoids clogging; on the 

other hand it requires a 3-dimensional design of the chip (See Fig. 3). 

 
Fig. 3 – Axial Percolation Filter  

An axial  percolation fi lter where samples a re filtrated depending on size.  

The sample is  introduced from the middle of the structure.   

(From He et  al  1999.  Used by kind permission) 
 

Cell Lysis 
Cell lysis in a microchannel environment is necessary for the complete integration of sample 

preparation systems, even though the lysing of cells is not necessary on many occasions, for 

instance when dealing with blood plasma. Yet there has been some interest put to it, partly 

due to the opportunity of producing integrated systems for spore analysis in defence-related 

applications.   

• Chemical lysis of cells is not an issue primarily solved by means of MST, yet there 

have been some cases reported where chemical lysis is part of a more extensive on-

chip sample preparation.164,165 Basically, these techniques are based on regular 

chemical protocols, but e.g. the technique used by Micronics inc. is based on laminar-

flow lysis. The lytic agent runs alongside the sample and diffuses into it, thereby 

lysing the cells and extracting the molecule of interest.166  
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• Ultra-sound microsonication has been reported as a means of disrupting Anthrax 

spores in a commercial defense-related analysis system from Cepheid.167  The 

sonicator is constructed from stacked piezoelectric disks and a titanium horn and is 

fully integrated in the channel as a preparative step before DNA analysis.  

• Heat treatment is another way of lysis or poration of the cells, which has been applied 

as an integrated preparative step alongside on-chip PCR.168  In this case the heating 

was solved through macroscopic heating of the whole chip in a commercial heat 

cycler. 

• On-chip electroporation, i.e. lysis of cells through an electrical shock, has been 

reported. Here the device was capable of lysing yeast, plant cells and E. coli.169 The 

device consisted of multi-electrode pairs incorporated on a silicon substrate.  

 

Analyte Extraction, Separation and Pre-concentration 
The combining of these three areas into the same part of this work is mainly due to the 

multitude of denominations and terms used for these ends in microscale analysis. It is 

complicated to draw a strict line between the three areas, as the same techniques are used for 

all three different purposes and vice versa. Some of these techniques are also very closely 

connected to the pre-filtration techniques mentioned earlier.  

    Therefore, a more overview-like approach has been taken, where the different techniques 

are presented according to the basic principle of each one. This is to cover as much as 

possible of the inter-related preparation techniques, without further categorisation. This may 

seem somewhat arbitrary, as some techniques are hardly mentioned at all.  

    For instance, most techniques depending on electroosmotic and electrokinetic flow have 

been omitted, partly due to the massive amount of literature, making it hard to comprise in 

such a work as this, and partly due to its higher level of chemical complexity, making it a less 

universal propulsion method than for instance pressure-driven flow.   

 

Size-based separation  

Many different techniques for size-based separation have been reported. Among these, the 

following are most noteworthy: 

• Emil Chmela et al. have developed on-chip hydrodynamic chromatography (HDC).1 7 0 

This technique is very appropriate for miniature systems, as the separation principle 

is defined for narrow channels of effective size of < 1 µm. The separation channels, 
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microfabricated in silicon oxide, are very wide and shallow. The applications of HDC 

are similar to those of regular size-exclusion chromatography. 

• Different field-flow fractionation (FFF) techniques have been developed for on-chip 

use. Bruce Gale et al. have developed a microfabricated electrical FFF and proven the 

concept by separating polystyrene beads with and without attached proteins.1 7 1  A 

system for thermal FFF capable of separating different-sized polystyrene beads has 

also been produced, on a silicon wafer.1 7 2 Finally, a third FFF technique realised in a 

chip environment is the dielectrophoretic FFF system, the primary use of which lies 

within the separation of larger particles, such as blood cells and tumour cells.1 7 3 

• It is noteworthy that no “classical” Size-Exclusion Chromatography with gel-based 

particle sieves has been performed on chip – as far as can be found. 

   

   

Liquid Two-Phase Extraction techniques 

Due to the lack of the fast and crude preparation method of preparative centrifugation on 

chip, there has been some amount of research put into the development of two-phase 

extraction techniques to replace this. Basically, there have been three approaches exploited: 

Classical liquid-liquid extraction (LLE), Aqueous two-polymer systems and Laminar flow-

based extraction.  

• Several research groups have reported microscale classical LLE, where the extraction 

principle is based on the interaction between an organic and a hydrophilic phase.  J. 

Shaw et al. produced an extractions system with immiscible fluids in a long channel, 

in a bonded glass-silicon structure.1 7 4  

• A separation based on aqueous solutions of two incompatible polymers was reported 

by Jun’ichi Edahiro et al. This system was used for continuous cell partitioning and 

utilised the classical dextran/poly-ethyleneglycol (Dex-PEG) system.1 7 5 

• Systems for the use of laminar flow effects have been developed by Paul Yager et al. 

These structures depend on the barrier between two laminar flows that move 

alongside, and therefore allow small molecules with a high diffusion constant to 

diffuse into the parallell flow.1 7 6  This effect can be used e.g. when extracting small 

molecules from a biofluid. (Another structure makes use of the same effect for a quick 
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diffusion immunoassay1 7 7; both have also been incorporated in commercial systems 

from Micronics inc., known as the H-cell (Fig. 4) and T-sensor.  

 
Fig. 4 – The H-cell 

Two laminar flows meet in the H-cells, creating a situation where the specimens of high diffusion rate diffuse into the other flow, 

whereas those with a low diffusion constant stay in the first due to the energy barrier of the laminar interface. 

(From Brody & Yager 1997.  Used by kind permission) 

 

Solid-phase extraction 

Solid-phase extraction (SPE) or solid-phase microextraction (SPME) has become an 

increasingly popular technology in conjunction with chip-based analysis. The reasons for this 

can be the relative ease with which SPE elements can be incorporated into microchannels, 

but also the use for quick, low-resolution extraction for analyte pre-concentration in many 

applications.1 7 8 Its primary use is for the elimination of matrix interferences and similar 

contaminations prior to further investigation, such as MS and chromatography. There are 

many ways SPE has been performed in microsystems: 

• The simplest way of performing SPE is the coating of the channel walls with some 

solid phase suitable for extraction of the analyte in question. This is a very general 

method, yet the surface-to-volume ratio is rather low. The first to perform this SPE 

model extracted a dye in an octadecyl-silane coated channel fabricated on a glass 

chip, with 80-fold enrichment.1 7 9 

• A refined version of the abovementioned channel-wall SPE is the solution including 

polymer beads for the enhancement of the surface-to-volume ratio. This has been 

investigated by e.g. Tian et al., who extracted DNA on polymer beads.180 This solution 
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has also been investigated by Senkans et al., who also conducted computer 

simulations of a bead-based SPE system.181  

• Due to the problems that may occur with packing of beads in microchannels, SPE 

solutions consisting of different types of in-channel gels, or porous monoliths, have 

been reported. Qirong Wu et al. have created a monolithic sol-gel  in a microchip 

channel. 182 [A sol-gel is based on a sol, i.e. a dispersion of solid colloidal particles in a 

liquid; vide Figure 5] This was capable of purifying genomic DNA from a sample of 

human whole blood. Another approach was presented by Frantisek Svec and co-

workers, who fabricated a porous monolith by use of on-chip UV 

photopolymerisation of a methacrylate polymer.183,184     

• A recent approach worth mentioning is the use of glassy carbon-coated fibres for 

solid-phase microextraction of volatile organic compounds from human breath.185 

The fibres were fabricated through the aid of a porous silica sol-gel process.  

 

 
Figure 5 – Sol gel technology  

Sol-gels can be used for a range of applications, and have been used  

for producing aerogels within microchannels.    

(From the Chemat Technology Website.  Used by kind permission.) 
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Chromatographic techniques 

On-chip chromatography is far too wide an area to cover fully in an overview like this, yet a 

few fundamental works and approaches will be mentioned. For a much more thorough 

review, an article on the subject by Andrew J. de Mello is warmly recommended.186  

  

    Microscale Liquid Chromatography has been a giant research area since the birth of chip-

based separation. Some of the most interesting features of this area are the various ways of 

introducing the chromatographic media, which corresponds very much to those methods 

mentioned in the SPE part above. These, and a few other aspects and interesting techniques 

have been included.  

• A microfluidic high-performance liquid chromatography (HPLC) column has been 

developed and applied into a commercial instrument by Eksigent Technologies Inc.187  

Even though this instrument is used primarily for analytical purposes, the potential of 

HPLC for sample preparation should be large.  

• Pressure-driven liquid chromatography through a continuous polymer bed was 

reported by Christer Ericson and co-workers. The in-situ polymerised bed was 

incorporated in a quartz channel and anchored to the walls covalently. This column 

was used for ion-exchange chromatography. Ishizuka et al. presented a similar 

approach, where a monolithic silica column was prepared through a sol-gel method in 

a fused-silica capillary.188 

• Several attempts have been made regarding capillary electrochromatography (CEC) 

on chip, which seems to be a functional concept for both ionic and neutral species. 

Ceriotti et al. produced a column in poly-dimethyloxane (PDMS) packed with 

octadecylsilanised (ODS) silica beads, where the 3-µm particles were kept in place 

through the “key-stone” effect. Oleschuk et al. presented a similar approach, with 

ODS-covered beads in a channel on a glass substrate.189 

• Instead of trapped beads, some attempts have been performed to replace the 

chromatographic media with on-chip monolithic structures, COMOSS (as previously 

mentioned), which can be coated with various chemicals for optimal performance.190 , 
191  These have the advantage of being independent of a packing process and of being 

attached to the channel walls, and several columns can be constructed on the same 
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wafer. On the other hand, the spacing between the structures is under the limitation 

of lithographic resolution (Fig 6).192  

 

 
 

Fig 6 – Collocated Monolith Structures (COMOSS) 

Design (A) and SEM image (B) of COMOSS structures for capillary electrochromatography. These structures 

are fabricated in quartz by deep reactive ion etching, DRIE, 1.5 µm  w i d e  a n d  1 0  µm deep. 

(From He et  al .  1999.  Used by kind permission) 

 

 

Electrophoresis-based techniques 

On-chip capillary electrophoresis has been one of the most utilised separation techniques in 

µTAS research. Due to this fact, there are several very informative and extensive reviews on 

this topic. For a thorough insight into the topic, the review articles by Jörg P. Kutter193, 

Gerard M. Bruin194 and Vladislav Dolník et al.195 are recommended. Also a more recent review 

by Pierre-Alain Auroux et al. is worth reading on the topic.196  

    Here, only a few approaches to electrophoresis-based techniques will be considered, 

namely those that are not dependent on electrokinetic flow as a means of propulsion.  

• The effect of dielectrophoresis (DEP) has been used to perform separation of large 

particles such as cells and polymer beads. One notable example is DEP 

chromatography for cell separation.197   

• Free-flow electrophoresis (FFE) is a fairly simple technology, which has proven usable 

in microfluidic systems as reported by Raymond et al.198 One of the advantages of FFE 

is its ability for contiuous sample preparation. The system in question was fabricated 
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on a planar silicon chip with integrated electrodes. Another FFE device was 

presented, which could perform iso-electric focusing of a peptide within 500 ms; this 

system was fabricated in PDMS (Fig. 7). 199    

 
Fig. 7 – Free-flow Elect rophoresis (FFE) 

The principle of FFE is to let a sample in pressure-driven flow be separated perpendicularly by an electrical field.  

This  gives a lateral  separation with regard to electrical  charge in the sample.   

(From Raymond et  a l .  1994.   Used by  kind permission) 

  

Other separative preparation techniques 

A small selection of other interesting techniques has been made, complementary to those 

already mentioned. These include devices and technology that cannot easily be put under any 

of the aforementioned categories: 

• Thermal gradient focusing is a new technology, presented by Ross & Locascio. It is 

based on the principle of temperature-induced electrophoretic velocity.200 

• Dialysis is a much-used technology in macroscopical analysis, yet there have been 

only a few reported examples on a microscale. Apart from the approaches mentioned 

in the Pre-filtering part, Lara Leoni and co-workers presented a microfabricated 

semipermeable silicon oxide membrane. Its porosity was 1,4 • 106 cm-2, and its pore 

size ranged between 7 and 49 nm, obtained through surface micromachining.201      

• An unorthodox approach is that of Hisamoto et al., where a nylon membrane was 

syntehesised on-chip by letting two reactive monomers form a polymer over an 
                                                 
199 Xu et al. 2002 
200 Ross & Locascio 2002 
201 Leoni et al. 2002 



 45

organic/inorganic flow barrier, directly in the channel. 202 There is no information 

concerning porosity or pore size, but the membrane seems only to be permeable to 

small ions.  

• The use of different types of matrices and solid phases for chromatography and other 

separation also includes porous silicon. This has been used as an enzyme-coupling 

matrix203, and also as a means of performing pre-concentration before injection into a 

microchip capillary electrophoresis column 204. The pore size of porous silicon ranges 

between 2 and 9 nm, and the porosity can make up to 66% of the total area.205  

Miscellaneous Sample Preparation Steps 
Other sample preparation elements are also addressed from time to time in the literature. 

The following examples are chosen with regards to the full integration of some complete 

sample preparation systems made possible by the aforementioned preparative devices. 

 

• Microfabricated structures for fraction collection were reported by Julia Khandurina 

and co-workers.206 The system proposed was able to collect different PCR products 

after CE separation. 

• On-chip integrated enzyme digestion prior to ESI -MS detection was presented by 

Qifeng Xue et al.207  A similar approach to this was taken by Gottschlich et al. with a 

structure that incorporated enzyme digestion, reagent mixing and electrophoretic 

separation prior to MS analysis.208  

• Several reagent-mixing structures have been reported for microchannel use.209 As 

mentioned above, the simple mixing of two liquids in a microchannel can be a 

challenging task due to the laminar flow. More on this topic is covered in Appendix I: 

Microfluidic Theory. 

• Protein crystallisation prior to X-ray crystallography has been reported by the 

California-based company Fluidigm. In this structure, protein samples are purified 

and crystallised through a sequence of steps, yielding very well-prepared crystals.210 
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Miniaturisation of Sample Preparation 

Systems 
The purpose of this chapter is to propose different approaches to microscale sample 

preparation. Firstly, the fundamental approach and regards taken are explained in the 

Technical Approach part. Secondly, a number of design strategies for different sample 

preparation steps are presented and discussed. Finally, two different design strategies for 

integrated sample preparation systems are presented. 

Technical Approach 
Very little is written about the fundamental choices made when designing microstructures for 

sample preparation. The following part is a proposed standard operating procedure that has 

been used when designing the structures found further below. The procedure is based on the 

literature cited in the previous chapter, on interviews and discussions with people of practice 

in both business and academia, and also on personal experience.   

 

Proposed Standard Operating Procedure 

Choice of analytical system 

The first and foremost choice to make is what analytical system is to be used. The sequences 

of sample preparation steps differ between different applications, and the product of the pre-

treatment process must be adequate with regards to the analytical element utilised in the 

assay.  

    Depending on the situation, the actual relevance and need of miniaturisation must be 

evaluated. Factors involved can be whether miniaturisation dramatically improves the 

analytical performance, whether there is a requirement for high speed, high throughput or 

low sample consumption, or whether the microscale system is unique, i.e. it can provide 

information that cannot be obtained otherwise.   

    Of course the issue of miniaturisation of the sample preparation must be addressed in the 

same manner: Sample preparation should only be miniaturised if there is a relevant need for 

it. One parameter defining this could be whether the sample volume obtained is very low, or 

if its quality is quickly deteriorating and therefore needs to be analysed as soon as possible. 

Other cases where on-chip sample preparation is relevant are in autonomous monitoring 

systems, point-of-care diagnostics and portable instruments for quick and easy analyses, e.g. 

handheld drug testing equipment. On-chip sample preparation can also enable walk-away 

systems in repetitive laboratory analyses. Yet, only if there is a good cause for 

miniaturisation, it should be developed. 
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Background study of the sample preparation process 

The study of the ordinary sample preparation process provides insight into what are the 

required properties of the analyte with regards to the analytical element. In regular, this can 

be obtained through the study of macroscale sample preparation protocols. The fundamental 

issue is not to copy each step in the preparation sequence and try to miniaturise it, but to find 

and isolate the objective of the preparation as a whole.  

    In this step, it is also of the utmost necessity to know what type of sample is at hand, so to 

optimise the choice of preparation protocol. A stringent and well-specified objective is 

necessary to obtain a sample-preparation strategy.  

 

Functions and operations 

When having defined the proper qualities of the prepared product, it is of great importance to 

divide it into subsystems, i.e. into isolated functions or operations, each with certain 

specifications. Often, it is also important to minimise the number of operations, to obtain an 

efficient utilisation of the microscale system and to reduce the risk of sample losses. 

Therefore, a restrictive approach should be taken when considering how strongly a certain 

step is needed when it is included in the list of functions. 

 

Microscale protocol design 

For every function or operation, a certain preparation principle is chosen with regard to its 

specifications and to the sample type dealt with. The choice of preparative strategy taken is 

made outgoing from its ability to perform the task necessary, and its suitability for the 

sample type provided. It is a judicious choice to use steps that combine two or more 

operations, if possible.    

    Another important step here is to analyse which are the reagents, buffers and solvents 

needed, and what are the requirements that must be taken into consideration –  volume 

definition, timing of the reagent addition and need for waste reservoirs. This is important for 

the overall design of the pre-treatment system, and for the whole µTAS device.   

 

Choice of substrate material 

A choice of substrate material must be made, as it governs some very critical properties of the 

microscale system. The primary parameter is the chemical properties attainable for the 

proposed preparative operations. Next are the process technologies available for this 

substrate type, governing the microstructure resolution, fabrication reproducibility, bonding 

abilities etc. Moreover, the electrical, optical and mechanical properties of the proposed 

substrate must be addressed and evaluated with respect to the analytical goal.  
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    One aspect is also whether the chip is supposed to be disposable or re-usable, which 

depends on material availability, production cost and environmental considerations. A 

further consideration is whether a two- or three-dimensional system, i.e. a planar, monolithic 

system or a system with several bonded layers and interconnecting channels is needed, which 

will also govern the choice of material with respect to the lamination/bonding abilities.   

    The next choice is regarding the overall surface chemistry, which also is governed by the 

choice of substrate. Basically, this is related to the nature and properties of the sample, the 

buffers and the solvents, to assure a controllable liquid handling through well-defined surface 

interactions.  

 

Microstructure design 

The design of the actual microstructure and the processing steps necessary for its 

microfabrication is the next step. In this, there are important considerations: 

    Designing the functional module used for the preparative operation requires knowledge of 

the abovementioned and a fundamental understanding of fluidic behaviour in microfluidic 

systems, regarding surface tension, laminar flow, contact angles etc. This is particularly 

important when designing the geometrical features of a structure; very small geometrical 

variations can give large impact on flow behaviour.  

    Geometrical features include weirs, chamber entrances and exits, cavities etc. that are 

intended as flow impediments, reaction chambers or regulators. It also includes the 

positioning of hydrophobic breaks and other types of valves, the geometry of sample and 

buffer inlets and the specification for channel dimensions.  

 

Systemic considerations 

A systemic approach must be taken if there is an intention to integrate several functional 

modules in a system. This is particularly important if the system is supposed to be 

monolithic. In this type of system, all the integrated parts are dependent on each other, 

particularly regarding flow pressure, and it can develop into an intricate regulatory problem 

to add another module to an already existing system. Therefore, a question must be whether 

there is need for full monolithic integration or if a modular integration is achievable with an 

approach including several separately fabricated modules. This can also be a constraint put 

by the microfabrication technology; perhaps the fabrication of a monolithic system is 

impossible due to incompatible protocol specifications. 

    The issue of liquid propulsion and control is one of great importance, since it regulates 

many of the characteristics of the system. The use of surface micromachining for the 

construction of moving parts, and considerations regarding integrated valves and pumps 

must be addressed in this step.  
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    The interfacing of the analytical system to the macro world is a fundamental issue. Both the 

world-to-chip and chip-to-world interfaces should be taken into consideration, as they are 

important for the overall performance of the chip-based analysis. Without functional macro-

micro interfacing, the system will not fully make use of the advantages of miniaturisation.  

 

General specifications  

For the proposed designs listed and discussed below, a certain set of general specifications 

and limitations have been set up. These specifications are chosen to simulate real cases, and 

to enable the proposals of structural solutions, without too many disclaimers:  

 

Propulsion 

Every channel in the proposed designs is assumed to have an independent pumping system, 

with pressure-driven flow. This is to reduce the effects of the distributed flow counter-

pressure. Furthermore, the designs are based on not being dependent on electroosmotic or 

otherwise electrochemically induced flow.  

 

Biofluids 

Since one of the objectives underlying this project is the realisation of point-of-care 

diagnostic systems, the samples are assumed to be some type of biofluid, as defined in the 

Background part.  

 

Level of details  

As the intention of this project is to present only sketches and preliminary designs, not to 

present thoroughly designed and evaluated structures, the number of details varies between 

the different modules. In some cases, one particular detail can be of great importance, and 

has therefore been included in the description.   

 

Innovativeness 

Although the objective has been to present different ideas and novel approaches to solving 

the problems involved in sample preparation, the innovativeness of some of the modules can 

be questioned, as they in some cases are variants of solutions already existing. This is often 

due to the fact either that the previous solutions have been unknown to the author, or that 

the previous solution has had some characteristic making it especially interesting for further 

development. At any rate, the intention has been to present as novel approaches as possible.  
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Structural Design of Functional Modules 
The following modules are designed according to the approach stated above, and with the 

listed general specifications. For each module, there is also a set of particular specifications. 

For most of the designs, no explicit technology is proposed for the production of the 

microstructures, as this issue is better solved by experts in the field. 

Pre-filtering  
The pre-filtering step is very dependent on the analytic system as a whole, which governs e.g. 

the pore size as related to the analyte compartments. The particular specifications of pre-

filtering are listed below: 

 

Specifications for pre-filtering 

Micrometer pore size  
High level of porosity for low counter-pressure 
Controllable pore size 
Chemical inertness or stability 
Well-defined chemical properties 
Well-defined spatial definition of filter position.    
Pressure stability 
Cleansing possibility 
 

 

Designs 

The two proposed pre-filtering approaches are (1) a membrane solution and (2) a solution 

with COMOSS-type structures.  

 

Membrane filter 

The profound problems with membrane filters in µTAS applications are how to integrate 

them on chip and how to avoid clogging of the membranes when using crude samples.  

     In the proposed structure, the membrane filter is integrated through a bonding process, 

where a previously perforated polymer membrane is laminated between two pre-structured 

substrate polymer wafers. The membrane could be perforated either by ion-track lithography 

with a long-term etching process, causing the pores to grow large enough. Otherwise it could 

be produced through injection moulding in a well-defined silicon or LIGA mould. 

    The advantages of such an approach is the chemically controllable properties of both the 

membranes and the substrates, as well as a high pressure stability due to the lamination of 

large polymer sheets with only small structural gaps (Fig. 8 a). 
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COMOSS-type filter 

When discussing particle filters, a COMOSS approach should be preferable to a membrane 

one. This as the resolution of standard lithographic technology should be good enough for 

micrometer-sized particles, and the process and integration technology is far simpler. 

    In this structure, a filter area is created in the etching or ablation of the channels. Very thin 

channels are interspersed between solid monoliths of substrate material. This prevents large 

particles from passing, and in a well-performed design it also prevents clogging of all the 

small channels. This can be performed through a COMOSS pattern where the inter-channel 

widths are diminishing along the column length (Fig. 8 b). 

    Note that both of these structures require some type of back-flushing technology to 

regenerate and re-condition the filter, unless they are supposed to be single-use structures. 

 

 
Fig. 8 – Pre-filtering structures 
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Cell Lysis 
The function of the cell lysis module is dependent on the lysis needed, and what cells are 

lysed. For small bacteria, a high-effect lysis is required, like a sonicator. For blood cells, a 

milder approach can be sufficient; in this case a freeze-thaw solution is proposed.  

 

Specifications  

High efficiency, i.e. disrupting what is intended 
to disrupt 
Quickness of the operation 
Non-destructive to the analyte 
Homogenising the lysate 
No influence on the other modules on the chip 
Integratable on chip 
Tuneable level of effect  
 

Designs 

Sonication lysis 

The technique of an integrated sonicator is previously tested, as mentioned above. Yet, there 

are interesting questions left, like how to design a structure with variable sonication intensity, 

and what frequencies are most appropriate for different types of cells. It is also an intriguing 

question how to isolate the sonication structure from the rest of the analytical system, so that 

the ultrasound waves do not disturb e.g. the measurement system. 

    In the proposed structure, sonicator elements are constructed from stacked piezoelectric 

material. Several of those are integrated in close proximity to the channel where the sample 

moves, to obtain an array of sonicators – thereby gaining a possibility of varying the intensity 

(see Fig. 9). 

 

 

 

 
Fig. 9 – Sonication lysis of cells 

The optimisation of the structure includes channel geometries,  horns and source density.   

 

 

 

Continous-flow freeze-thaw lysis 

A previously untested method is on-chip freeze-thaw cell lysis (Fig. 10). In this structure, the 

sample flows in a lysing chamber, in which thermal Peltier elements have been integrated. 

The basis is that when the liquid flows along the channel, it is exposed to alternating freezing 

and heating from the Peltier elements.    

Piezoelectric actuators 

Ultrasonic field 
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    The advantage with this solution is that it is well suited to microscale, as the thermal 

inertia of a small amount of liquid is very small. The major drawback is that there might be 

difficulties in the flow propagation if there is an alternating freezing and thawing of the 

flowing liquid. 

 

 
Fig. 10 – Freeze-thaw lysis of cells 

The Pelt ier  elements are integrated in an upper layer,  which is  bonded to the lower layer,  

 containing the lysing cavity  and the COMOSS f i l ter  structure.  

Analyte Extraction  
Depending on the type of analyte extracted, the choice of extraction method differs from case 

to case. Here, the focus lies on liquid-liquid extraction, as this can provide a vast variety of 

different chemistries, and is based on a physico-chemical relation that has a good microscale 

potential.  
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Specifications  

Well-defined extraction parameter 
Waste container 
Moderate level of sample purification  
Quick and controllable process 
 

Design 

Liquid-liquid extraction in a laminar flow regime  

The two liquids interact in a microchannel over a laminar flow barrier, where solubility 

equilibrium is obtained. This is analogous to the standard LLE, where two solvents (one 

hydrophilic and one hydrophobic) are shaken in a bottle, to create a lot of inter-liquid 

surface.  The extraction parameter therefore is only solubility in the two different solvents, 

and in some cases the diffusion constant (Fig. 11). 

    Much of the debris left from a lysis, as well as other macromolecular substances probably 

would find their energy minimum in the interface between the liquids, creating a 

macromolecular “film”. This can be observed when designing the system, with special regards 

to the waste container.   

    In this design, the shaking is replaced by the very high surface-to-volume ratio of a 50-

micrometer wide channel, where the probability of a molecule partitioning into the “proper” 

solvent is high due to the short distances. Additional features involve  

• a meandering channel geometry to minimise the chip space required, and maximise 

the reaction time 

• a surface treatment where half of the channel inside is made hydrophobic and half 

hydrophilic, to keep the liquids in place, 

• a waste container for the remnants of the original sample, from where the analyte has 

been removed 

    A variant solution could be with incompatible polymers added to the sample and solvent 

buffers. This probably would lead to larger possible channel geometries, as the viscosity 

increases with higher polymer content, and thereby a higher liquid throughput.   

Fig. 11 – Liquid-liquid extraction  

Liquid A is  the original l iquid,  from where the analyte is  extracted 

 

Liquid A inlet and outlet  

Liquid B inlet and outlet  

Border between 
Liquid A and Liquid 
B 
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Chemical Separation   
As mentioned in the previous chapter, chemical separation is a wide field. Therefore, only a 

few design examples will be presented in this area. Some general specifications of a 

microscale chemical separation module are presented below. 

 

Specifications  

High separation efficiency 
Well-defined separation parameters 
Coherent sample zones  
Waste container  
No irreversible influence on the column by the samples  
No irreversible sample alteration 
Pressure stability 
 

 

Designs  

The focus of these design approaches lie in the field of on-chip liquid chromatography, as this 

is a fairly general and standard method in separation. Due to this, the main parts of the 

designs have focused on the separation media and how to integrate those in the 

microchannels. The media in question will often require chemical modification to fulfil the 

goals of separation.   

 

Porous polymer monoliths 

Different types of porous monoliths have been used for chemical separation in microchannel 

applications, but there is still development to be performed. For instance, the techniques 

regarding the positioning of the separation medium in the channel is an intricate question. 

Some approaches to this can be the following: 

    An in-situ polymerised gel (Fig. 12) can be put in place by ink-jet printing. This would give 

a very good spatial definition of the gel, and a possibility of depositing very low and well-

defined amounts of gel substance. If the monomer solution is chosen correctly, this technique 

can be combined with a UV-light polymerisation process, making the processing fast, reliable 

and hopefully very controllable. Since the counter-pressure of a gel in a microfluidic channel 

can be high, it is important to choose a gel with high porosity. A sol-gel approach could also 

be interesting for use in combination with ink-jet printing.   
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Fig. 12 – In-situ poly merised gel  

The gel  can be produced directly  in the channel  by ink-jet printing of monomers or sol -gel precursor solutions. 

 By forming the structure funnel-like, a higher force is gained for pushing the liquid into the gel.  
 

Another, as yet untested approach is to use highly purified cellulose or nitrocellulose fibre 

foam as chromatographic medium in the channels (Fig. 13). If correctly treated, this could 

provide a high porosity, and at the same time grant a possibility of highly specific surface 

modifications, giving good possibilities of affinity chromatography and similar techniques. In 

this approach it is advantageous to activate the surfaces, e.g. with oxygen plasma treatment, 

before application, to make the cellulose attach covalently to the surfaces.  
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Fig. 13 – Cellulose fibre foam 

To use cellulose or nitrocellulose fibre foam could be an interesting solution to how to solve  

the balance between high surface-to-volume ratio and high porosity   
 

Bead-based chromatography 

Regular bead-based separation media have been tested in microfluidic channels, mostly in 

combination with weir-type flow impediments stopping them from moving along with the 

flow. As in the case with gels, the problem here is that a long bead column generates a 

massive counter-pressure, due to the dense packing of the particles, making is hard to 

overcome without losing controllability of the flow. This is a question of priorities: a long 

column gives a better separation, but the longer the column, the higher the counter-pressure. 

And at an enough-high flow pressure, the polymer particles will no longer be arrested by the 

flow impediment.   

     In an approach proposed by Karin Caldwell et al., polymer beads are attached to the 

channel walls by covalent binding of the tenside Pluronic.211 Thereby they also gain a spacing 

molecule between the particles, increasing the possibility of liquid entering inbetween the 
                                                 
211 Caldwell 2003 
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particles instead of stopping at a densely packed wall. This could be a possible approach to 

overcome both the problem with the dense particle packing and the problem of particles 

getting washed away (Fig.  14). This technique is interesting as it could readily be combined 

with several commercial chromatographic media, like bonded silica, alumina, magnesium 

silicate and hydroxyapatite.  

 

 
Fig. 14 – Tenside-bound particles 

The use of tensides for covalent attachment of particles to the surfaces, as well as to one another, could possibly combine high 

surface-to-volume ratio with high porosity and the use of  well-characterised chromatographic media.  

 

Analyte Pre-Concentration  
The pre-concentration of analytes prior to qualitative or quantitative analysis can be very 

important if the analyte in question is of very low abundance. The regular operation is to 

retain the analyte of interest and, through different chemical treatments, relatively 

specifically wash it from contaminating species.  
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Specifications  

Effective retention of wanted analyte 
No destructive influence on the analyte (e.g. aggregation) 
Controllable washing and elution 
Chemically easily modified surfaces 
 

Designs 

The proposed designs concerning pre-concentration are variants of macrochemical processes 

that have proven to work very well in a microfluidic environment.  

    Solid-phase extraction has been a successful technique especially in DNA and protein pre-

concentration. It is a very general technique, and since it is based on using minor packed 

beds of chromatographic media or gels, the same basic approaches apply to this as those 

mentioned above. Still, due to the very small amounts of medium, the problems with 

counter-pressure are less, making the gel solution a promising one. 

    A classic way of increasing the concentration of macromolecules is the use of nanoporous 

membranes for dialysis. This can be obtained in microfluidic systems by integrating a 

membrane between two channels or chambers. One channel is filled with the sample 

solution, and in the other channel a buffer is allowed to run past, creating a difference in 

chemical potential as the diffusing small ions and molecules are swept away by the flow. The 

macromolecules, unable to pass through the pores of the membrane, stay in the sample 

chamber and increase in concentration.  

    The latter solution requires a very thin membrane, to enable the liquids in the chambers to 

stay in contact. It also requires a possibility of washing the sample repeatedly, to rid the 

analyte from adsorbing species. To this end, a variant of the formerly proposed membrane 

filter could be sufficient (Fig 8 a). Yet, in this architecture, the dialysis buffer channel lies 

perpendicular to the sample channel and there must be some kind of valve in the upper 

channel to enable washing of the analyte.  

 

Example Strategies for Integrated Sample Preparation 
Systems  
The approach to the design of integrated sample preparation system is in accordance with the 

approach stated above, i.e. to combine several functional modules into one entity. These 

examples are to show what other operations can be required to address, when taking the 

system approach.  

Polymerase Chain Reaction, PCR  
The polymerase chain reaction is a standard technology in all genetics-related sciences, 

including forensics and military applications. It is used for amplifying DNA or RNA through 
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mass copying of a sequence. This is often performed prior to other analytic methods, like 

electrophoresis. (This actually makes it a sample preparation method in itself). The regular 

sample preparation process for DNA prior to PCR is listed in Table 6. 

 

Temperature control All steps must be performed at 4°C 

Sterility All steps must be performed in the absence of 

DNA-degrading DNAses.  

Cell lysing Mild cell lysing is required, not to tear the 

DNA strings apart. Enzymatic lysing is 

preferred. 

Detergents  Addition of detergents to solubilise the 

cellular and inner membranes 

EDTA addition Binds metal ions through chelating, thereby 

inhibiting DNAses in the lysate. 

RNAse addition Degrades the RNA, which can be a DNA 

competitor. 

Protein washing Proteins are extracted through mixing with a 

phenol solution and centrifugation, causing 

them to separate in water/organic phases. 

DNA Precipitation  With high-concentrated ethanol and 

centrifugation, and washing in TE-buffer.  

Table 6 – Sample preparation prior to PCR 

 

Many of the steps performed on the macroscale lab-bench are hard to imitate directly in the 

chip environment. For instance, the centrifugation involved in the protein washing and 

precipitation is not readily performed. Therefore, other strategies must be taken. A sample 

preparation sequence, prior to PCR of genomic DNA from human blood, could be sketched as 

follows, and as shown in Fig. 15. 

 

1. The sample is introduced into the channel along with a EDTA-containing running buffer 

via a COMOSS-based particle filter, thereby cleaning it from dust and clotted blood. The 

EDTA stops the blood coagulation and inhibits enzyme activity.  

2. The sample is introduced into a lysing chamber, where the cells are disrupted gently 

through freeze-thaw. At the end of the lysing chamber, another COMOSS filter with 

smaller pores is positioned, to collect the major fragments of cell membrane debris from 

the crude lysate.  
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3. The sample lysate is run over an SPE column of tenside-immobilised bonded silica beads, 

where the DNA sticks to the particles, and the major part of the lysate is washed through.  

4. A washing buffer is introduced to wash the SPE column from contaminations and to 

enhance the DNA concentration.  

5. The DNA is eluted through an elution buffer into the PCR chamber. It is required that the 

elution buffer is suitable for the PCR reaction.  

 

 
 

Fig. 15 –Integrated sample preparation prior to PCR 

The basic functions of a sample preparation sequence integrated to a system.  

Note that this sketch is neither to scale, nor has the fluidic shapes required. 

 

Remarks 

This is a fairly crude sample preparation protocol, but it is only supposed to act as an 

example of how to approach the systemic parameters of combining several functional 

modules. The PCR method is relatively robust, and the need for extensive sample preparation 

is low, as long as the worst contaminations are taken care of.  
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    The positioning of the post-lysis COMOSS filter can be discussed, as the shearing forces of 

micrometer-pored filters can destroy the DNA. Perhaps a lateral filtering or dialysis is to 

prefer. 

    The temperature can be kept at 4°C through an external refrigerating system, but care has 

to be taken regarding the Peltier elements, which may heat the sample too much, although 

locally. Yet for the DNA molecule in itself, once cleaned from enzymes, a temperature rise is 

not destructive.  

Detection of Small Molecules from Biofluids 
In many applications, the detection of a certain molecule is very important. This is the case 

for instance in many diagnostic instruments and assays. The purpose of the design proposed 

below is to extract and purify molecules of a certain type prior to a microscale immunoassay 

or similar highly specific detection element (Fig. 16). A microscale preparation method for a 

biofluid like saliva could have the following sequence:  

    The sample is introduced along with a suitable running buffer into a cell and particle filter 

structure. It may be necessary to include a mixing structure to dissolve the mucous saliva 

enough to run it in the channels. The filter must be able to remove particles of size ranging 

from 0.5 µm and up, due to the possible bacterial content of human saliva.  

    The preliminary extraction of the analyte molecule could be performed with laminar liquid-

liquid extraction in an H-cell-like structure. When designing this, regards must be taken to 

the minimum length of the extraction channel. Possibly, a meandering channel must be 

applied to assure enough extracted analyte. Since the analyte will be accompanied with many 

molecules of similar size (and diffusion constant), it is judicious to design the extraction 

buffer in such a way, that the molecule in question is readily dissolved in it. 

    To enable a final pre-concentration, a short SPE column has been included in the design. 

The design of the chromatographic medium is an important issue, to make sure the column 

only withholds a few different types of molecules. When trying to catch minute amounts of 

analyte in a short column, it is also of necessity to design the column to have a maximum 

amount of surface interfacing the passing liquid. Therefore an in-situ polymerised gel could 

prove well suited for this situation.  

 

Remarks 

This system requires a very specific detection element, for instance an immunoassay, to sort 

out and detect the interesting molecule from molecules that are very similar. If that is the 

case, the sample preparation system should enhance the signal-to-noise ratio, thereby 

enhancing the detection levels. If not accompanied with such a detection element, this 

strategy may be to no avail. 
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    The system is deliberately designed as small as possible. In this approach, a less thorough 

preparation is preferred to save preparation time. This is in regard to the presumption that it 

for instance is to be used as an indication instrument, e.g. for on-site drug tests, where a 

readout must be quick and does not primarily require a quantitative result. 

 

 
Fig. 16 – Integrated sample preparation prior to detection of small molecules 

The basic functions of a sample preparation sequence integrated to a  s y s t e m . 

Note that this sketch is neither to scale, nor has the fluidic shapes required 
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Discussion 
The structures proposed in this thesis are not optimal. They are mere suggestions to where to 

start with the development of novel structures for microscale sample preparation. There is 

still much work to be performed and many experiences to be made before a microfluidic 

solution can be foreseen and written down as an almost-complete concept. Some of the 

interesting features not explicitly addressed earlier include the following: 

 

Buffer and solvent addition 

The buffers and solvents involved in a µTAS system are very dependent of the analytical 

principle and the other chemical elements involved. This makes the choice of buffers an issue 

not easily addressed in an approach with sketches and principles.  

    Another aspect of this is the addition of these buffers, which is a fundamental part of the 

system. The addition must be controllable, something which is primarily connected to the 

available techniques for valves and propulsion. In some cases, a model with hydrophobic 

patches and variable liquid pressure can be sufficient to control the addition of a solvent to 

the sample-carrying liquid. Yet in other cases, the only sufficient technique is with electrically 

actuated valves integrated on the chip. This in turn poses requirements on the substrate 

materials and on the electronics integrated on the chip. 

 

Reliability  

One of the key issues to discuss is the robustness and reliability of the systems. When 

working in microscale, many effects are hard to foresee. For instance, the effects of very small 

changes in pressure, temperature or liquid viscosity, that normally are not an issue in 

macroscopic chemistry, can propose laborious tasks in microfluidic systems. These problems 

are related to those involved in microengineering, but when constructing devices in a 

cleanroom these effects are minimised. Yet, when using the same devices in a normal 

laboratory or out in the field, the robustness must be built-in, as one cannot count on optimal 

circumstances. 

    An instrument built on µTAS technology must be at least as reliable as its macroscale 

equivalent. This is true also for the sample preparation; if it is not readily integrated on the 

chip, it will still be performed off-chip. Reproducibility is a much-honoured and essential 

property in all chemical analysis, whether it is in a laboratory, clinical or field environment.  

 

Dimensions 

The dimensions of the channels, cavities and reaction chambers of the proposed structures 
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are not duly defined. This is a deliberate choice, as the dimensions of the systems will differ 

depending on the task involved. There is a tendency to make devices and channels as small as 

possible, due to the potential of the MST. Perhaps it is a good choice instead to let the end 

govern the means, and construct systems that are somewhat larger in dimensions, but have a 

higher degree of integration and control. The smaller the system, the larger the surface 

effects, implying a much more sophisticated chemical surface engineering.  

      Yet, the systems cannot grow too large in dimension, as the volumes involved must be 

held down to fulfil the demands of volume efficiency, for instance in on-chip immunoassays 

where one of the true advantages is the reduction of the depletion layer close to the analytical 

element, giving a reaction that is limited by reaction rate only. On the other hand, one of the 

reasons chip technology has not yet become a standard technology in diagnostics is the fact 

that when analysing very low-concentrated species, the combination of low volume and low 

concentration give ultra-low substance amounts, putting high demands on the analytical 

element.  

 

Materials 

The subject of substrate materials has not been thoroughly discussed in connection to the 

structures proposed. Yet it is a fundamental matter for the future development of microscale 

chemistry and on-chip sample preparation. The possibilities of working with several different 

types of material today pose interesting possibilities, especially when considering the 

obviously low requirements for ultra-high precision in the µTAS structures. Some actors in 

the field anticipate the “death of silicon” as the material of preference due to its poor 

chemical properties and flexibility. Others believe silicon to be the standard material for 

many years to come, due to the elaborate techniques associated with this and its mechanical 

properties. Albert van den Berg and co-workers of the MESA+ institute in The Netherlands, 

for instance, have managed to make fully functional biologically and biochemically 

compatible analysis systems in silicon, showing that it as yet has not played out its role in the 

µTAS area.212 

    Yet, when discussing sample preparation, this issue mostly comes down to whether the 

chip is supposed to be disposable or not. Most small, integrated systems can be considered to 

have a potential as disposable chips, and would in that case probably be moulded in 

polymeric materials, like polycarbonate or poly-dimethylsiloxane. Disposables also have the 

advantage of reducing the requirements for reconditioning, which is very important when 

dealing with crude samples. On the other hand, disposables can demand more work in 

developing a robust interface to the rest of the instrument, and it can also be an 

environmental matter whether or not to use polymer disposables.  
                                                 
212 van den Berg 2003 
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Modularity 

For the integration of several functions on a chip as mentioned above, a modular approach 

has been taken. This is perhaps a typical engineer’s approach, and certainly has its pros and 

cons. The advantages of taking a modular approach are the ability of testing separate 

modules independently, and to join previously optimised functional modules in sequence.  

    Yet there are disadvantages of this approach as well: To integrate several modules demands 

process compatibility, which will always lead to compromises between the separate modules 

causing the result to be a sequence of sub-optimal solutions. This can be in regard to 

substrate materials, interfacing of the modules to each other, integration of non-fluidic 

elements like electric circuits and so forth. As previously mentioned, the fluidic controllability 

of the system also quickly decreases for every module added, making this approach 

dependent on a high level of fluidic control.   

    One of the possible approaches to this is to a higher extent develop multitasking modules, 

in which mixing, heating and extraction are performed in parallel. This demands a high level 

of chemical knowledge and awareness, not to make the different effects influence one another 

in a detrimental way, and may pose as large problems as the integration of several modules. 
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Summary 
Although there are no experimental data to evaluate, there are some conclusions to be drawn 

from this thesis work, outgoing from the literature and the problems encountered when 

designing the sample preparation modules and systems. All in all, the study of microscale 

sample preparation in chip-based chemical analysis can be summarised as follows. 

• On-chip sample preparation has obviously been considered a task of low interest. The 

chemists have not seen a scientific potential in it, and the MST engineers have not 

seen the use for it. The subject has been addressed to a higher extent only through the 

last few years.  

• There is plenty of information to be gained by reading the recent reviews on the 

subject. Most of the preparative methods are still based on electrophoresis, but more 

and more alternative technologies and propulsion methods are being used.  

Still to date, very few reported on-chip sample preparation systems have been used to 

handle body fluids or other crude extracts.  

• Miniaturised sample preparation is not always needed even if the analytic system is a 

microfluidic element. Miniaturisation should be applied if the macroscale sample 

preparation is a bottleneck in a fast system, if the system needs to be autonomous, or 

if the risk of losing analytical efficiency or small samples is too high with the regular 

off-chip approach. 

• When designing microscale sample preparation, much focus must be put on the 

surface effects. Therefore, an MST approach must be accompanied by knowledge and 

competence concerning surface chemistry and analytical chemistry to enable effective 

structural solutions to the problems addressed. The design of preparative systems 

must always be brought in line with the needs of the analytical elements.  

• The integration of several sample preparation steps is a challenging task. For every 

step added, the complexity of the system can grow exponentially. It is therefore 

necessary to try to reduce the number of steps involved instead of trying to “translate” 

every step in the macroscale sequence. It is also required to take a systemic approach 

regarding the preparation system, and think of the sample preparation as a whole, 

from sampling to measurement.  The interfacing to the macroscopic world is one of 

the areas that must be exploited in order to achieve truly efficient microfluidic 

systems. 

• To be able to develop new microfluidic technology there is a great need for 

understanding basic microscale effects both from a physical and chemical point of 

view. Very little profound theoretical research has been made, and much of the 
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competence regarding microfluidic issues obviously lies within commercial 

companies. Therefore, to be able to find truly microfluidics-based approaches to 

sample preparation, interdisciplinary groups must be formed to look into the 

fundamentals of microfluidic behaviour. 

• When developing MST solutions to chemical sample preparation, it is judicious to 

keep the structural solutions simple, and keep the chemical objective as the guiding 

parameter. There is no need to use over-ambitious and elaborate technology for the 

sake of it. Much of the development of µTAS systems hitherto has been technology 

driven, but recently a much more market-driven approach has been noticed among 

the companies in the field.  
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Appendix I: Microfluidic Theory 
This appendix presents some of the fundamentals of microfluidic theory. It is not intended to 

give more than a brief introduction, whereas the interested reader can find a more theoretical 

presentation in e.g. Fundamentals and Applications of Microfluidics by Nguyen & Wereley213 

or at the IMTEK Microfluidic Course Website.214 

 

Introduction   

The theory of microfluidics is neither straightforward, nor fully established. It is a 

phenomenological theory, based on the physics of fluid mechanics, and the physical 

chemistry of surfaces.  Therefore, this presentation is focused on explaining fundamental 

effects, rather than deriving a complete theoretical basis for those. 

 

Characteristics of fluids and liquids  

According to one definition, a fluid is a substance that tends to flow or conform to the outline 

of its container. Another definition is that a liquid is a substance that deforms continuously 

under the application of tangential stress, no matter how small that stress may be.215 That 

means a fluid is either a liquid or a gas, as long as these criteria are filled. In this part the 

fluids encountered are assumed to be liquids. 

    Typical interesting characteristics of liquids are viscosity, dispersional composition and 

those effects related to transport phenomena. These features govern many of the 

fundamental fluidic properties of a liquid.  

 

Viscosity 

The viscosity of a liquid is a measure of the “internal friction”, and can be explained in terms 

of the activation energy needed to displace a liquid molecule from its position, in reference to 

other liquid molecules and a rigid wall. Summarised over an ensemble of possible states, 

viscosity represents the tendency to undergo deformation when subject to shear stress.216 The 

expression for liquid viscosity is: 

 

η = ( kB T / a3  ν0) exp (E0 / kB T),   
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where η is the viscosity,  kB is the Boltzmann constant, a is the expectation value of 

intermolecular distance, ν0 is the fundamental molecule vibration frequency between 

neighbouring molecules and T is the absolute temperature.  

 

Transport phenomena     

The primary transport phenomena associated with liquids are mass diffusion, electrical 

conduction and heat transport. All are diffusive properties that are results by thermodynamic 

relationships of counteracting non-uniform particle, charge or heat densities, respectively. A 

table of these transport processes is presented below:217 

 

Effect Transported Coefficient Fundamental law 

Diffusion Molecules (N) Diffusion coefficient  

D ≈ 1 /3   vT lmpf 

Fick’s law 

jN  = - D∇ρN  

Heat conduction Heat (Q) Thermal conductivity 

λ ˜  1 /3  ρCm  vT lmpf 

Fourier’s law 

jQ = - λ∇Τ 

Electrical 

conductivity 

Charge (q) Electrical conductivity 

σE ˜ (ρqq2  lmpf)/mvT  

Ohm’s law 

jq = - σE∇φ  

 

Dispersional composition 

Most theories concerning liquids are in reference to idealised, so-called Newtonian fluids. 

These are characterised by linear relationships, assumed homogeneous viscosity and 

deterministic transport coefficients. A typical near-Newtonian fluid is water, which has a high 

homogeneity and can be modelled as such. 

    Most real liquids, though, are non-Newtonian fluids, as they are some type of dispersion. A 

dispersion is basically a mixture of two or more substances, but not necessarily a solution; 

the fundamental groups of dispersions are solutions, colloids and suspensions.  

    Solutions are homogeneous mixtures of particles smaller than 1 nm. Solutions are easy to 

deal with as they retain most properties associated with the solvent, and are primarily subject 

to regular chemical thermodynamics and fluid mechanics. Colloids are regularly two-phase 

systems that cannot be assumed homogeneous, and are therefore much harder to describe 

analytically. Colloids can be divided into aerosols, emulsions, sols and gels – of which only 

emulsions and sols can be considered liquids – and are defined as dispersions containing 

particles of size ranging between 1 nm and 10 µm. Suspensions consist of particles, 
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aggregates and cells larger than 10 µm, i.e. more or less particles visible in a regular light 

microscope. 218  

    Biofluids are often suspensions, or at least colloidal in their composition, making their 

properties hard to describe in simple terms. Thermal and pressure conditions can influence 

the properties of a biofluid more unpredictably than those of a solution, making both 

chemical  and mechanical descriptions less straightforward.  

 

Microscale fluidic effects 

There are several relationships for macroscale fluidic systems that do not hold for 

microfluidics. The major differences of importance are discussed below. 

 

Scaling laws 

In all microtechnology, the effects of size downscaling must be observed. It is not intuitive 

what will be the fundamental forces acting on a micrometer scale, neither is it easy to adapt 

macroscale physics for microscale systems. 

    The basis is that different properties scale with different factors. As a typical example, 

surface properties scale down with a factor L-2, whereas volume properties scale down with a 

factor L-3. For instance, heat dissipation in microstructures is much faster than in macroscale 

structures. This is due to the fact that heat capacity is a volume-related property, and the loss 

of heat is related to the surface of the structure. 219 

    These relationships do not only apply to structures, but also to microfluids. The 

evaporation of a millimeter-radius drop is very fast, which is easily understood when 

realising that the volume approaches attolitre levels. Liquid drops have a tendency of taking 

on primarily surface properties, making bulk-chemistry approaches impossible as descriptive 

models. This state of surface dominance is sometimes referred to as the microfluidic regime.  

 

Continuum breakdown 

The theories of fluid mechanics are derived from Newtonian mechanics and the mechanics of 

continuous media. This means the basic equation modelling liquid movement in water is the 

Navier-Stokes equation: 

 

ρ8  [?v/?t + (v• ∇)v]  = - ∇p + η∇2 v + ρ8g 

 

This equation is based on incompressible fluids and fluid continuum, which is the case in 

most macroscopic fluid systems. In a micrometer-scale system, the continuum cannot be 

                                                 
218 Ducrée & Zengerle 2001 
219 Thornell, 1999 



 78

assumed, as properties like viscosity and surface tension are much more dominating in the 

microfluidic regime. This means the formation of drops generally is energetically 

advantageous to maintaining a continuum. Therefore, many macroscale fluid mechanics 

relationships have limited application in microfluidic systems. 220  

 

Laminar flow 

This is one of the most peculiar features of microfluidics; in a microchannel, the flow is 

almost always laminar, i.e. it has no elements of turbulence. This is a consequence of the 

different scaling of the viscous properties of the fluid and its inertial properties. In a 

macroscale flow, the mechanical inertia of the flow is so dominating, that the viscosity is 

neglectable.  

   The characteristic number defining laminar flow is the Reynolds number, Re. In turbulent 

flows, this number is above 1500, whereas below this the flow is laminar. Most microfluidic 

systems have a very low Reynolds number, even below 1. The definition of the Reynolds 

number is: 

  

Re = ρ u L / η 

 

where ρ is the density, u is the velocity, L is the characteristic length of the system and η is 

the viscosity.   

     In a microfluidic system with Re close to 1, the viscous effects dominate inertial effects. As 

a consequence, a liquid like water gets very different apparent properties – as the channels 

get smaller it behaves more like syrup or dense oil would do in a large system. This makes the 

mixing of two liquids less straightforward, as it is complicated to induce turbulence in a very 

viscous fluid. In a typical system, two liquids can run alongside in a microchannel, the only 

mixing occurring being the diffusion over the interfacial surface. At some occasions, very 

small variations between liquid viscosities can pose problems for the flow controllability.221 

 

Surface effects 

In a microfluidic system, the influence of the surface characteristic of both the microchannel 

and the fluid is much greater than in a macroscale system. This is a consequence of the large 

surface-to-volume ratio, where the forces generated by surface interaction are on the same 

scale as those generated by the liquid movement.  

    A typical example is the capillary effects encountered when placing a water-based liquid in 

a hydrophilic channel. The interaction between the liquid and the channel surface is 
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energetically favourable, making the liquid prone to attach to the surface. Thereby the surface 

of the liquid drags the bulk of the liquid with it, creating a net flow along the channel.  

    Another interesting effect of this relationship is the corner-wetting effect. In a rectangular, 

hydrophilic channel, a hydrophilic liquid establishes a contact profile that stretches further 

out in the channel corners, due to the doubled effect of the wetting. This can, in some cases, 

make the liquid attach along one of these corners, and drag all of the liquid along in a very 

superficial “nanocapillary” fashion, although there is no external force acting on the fluid. 

This can transport liquids around corners or in specifically organised patterns, by just 

adjusting the surface chemistry.     

    These effects are related to the so-called contact angles, θc, which are individually 

determined for each surface and liquid. By definition, a contact angle for the interaction 

between a surface and water below 90° is hydrophilic, and above it is hydrophobic. 

    Another very important surface quality is surface tension, or more correctly the force per 

surface unit area. This is related to the contact angle, and is a measurement of the internal 

potential in the fluid trying to maintain the molecules in the liquid state.  

 

Flow profiles 

In microchannels, the physical profile of the flow is often important to the fluidic properties, 

especially when designing chemical analysis instruments. This is something that differs 

between different types of propulsion:222 

• In pressure-driven flow, the profile is parabolic, 

• In electrokinetically driven flow, the profile is flat, 

• In centrifugal flow, the flow profile is parabolic, yet flatter than in pressure-driven 

flow.223 

The different flow profiles have consequences on the overall behaviour of the microfluidic 

system, as it is related to both sample-zone dispersion and surface interaction. In a parabolic 

flow, the flow velocity is at maximum in the central point of the channel, causing a particle 

size gradient over the flow profile.  

 

Flow impediments 

When designing microfluidic systems, it is wise to use the natural flow impediments that 

result from physics and physical chemistry. These are often based on either of these effects: 

• When pumping a hydrophilic liquid in a hydrophobic channel, it is possible to stop 

the flow and establish force equilibrium between the flow momentum and the 
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friction-like force of a hydrophilic liquid interacting with a hydrophobic patch in the 

channel. These passive valves are called “hydrophobic breaks”. 

• When exiting from a small channel into a larger, or from a capillary into open air, the 

liquid experiences a flow impediment of another type. Due to the surface expansion 

needed, the liquid loses pressure and therefore exiting is energetically unfavourable. 

This makes the liquid stick by the nozzle.  

    Another important trait about microfluidic flow impediments is the counter-pressure of 

fluidic systems. In a system with several channels and one pressure source, the flow 

resistance is analogous to that of an electrical circuit, i.e. according to Kirchhoff’s laws of 

current and voltage preservation. This means that – in a flow circuit – a lowered flow 

resistance in one channel will increase the flow through that channel, whilst reducing it in a 

parallel channel. This is important when designing fluidic circuits, especially if there is a risk 

of clogging the channels, since this can induce unwanted unbalances in the flow.  

 

Summary 

Microfluidics deals with the phenomena arising from the movements of liquids in 

micrometer-scale channels and cavities, phenomena primarily associated with scaling effects. 

Different parameters scale with different powers, e.g. surface properties scale to the second 

power and volume properties to the third. In the so-called microfluidic regime, surface effects 

and energies are far more important than on a macroscopic scale. 
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Appendix II: Microstructure Technology 
This appendix presents the fundamentals of the planar microstructure technology used in 

µTAS technology, to explain to readers without previous MST experience some of the 

concepts, abbreviations and expressions frequently used in the thesis. For a complete 

introduction to MST, turn to the course compendium by Eklund & Lindberg224 or to 

Fundamentals of Microfabrication by Marc Madou.225  

 

Patterning 

Patterning techniques are used to transfer a pattern from a digitally constructed master to 

the substrate disc. This is usually performed through UV lithography of a photoresist layer, 

where a photochemical process is induced in the polymer photoresist to enable selective 

removal of the polymer. This results in a pattern with a resolution of less than a 1 µm. Yet, for 

microfluidic applications, a resolution of a few µm is fully sufficient.  

    There are also other methods to pattern the photoresist, among those are X-ray, electron-

beam and ion-track lithography. 

 

Removal techniques 

The techniques for selective removal of substrate material are fundamental in MST. 

Selectivity is achieved primarily by the use of a patterned layer that is not affected by the 

removal technique used, called a mask. The main removal technique is etching.   

    There are two types of etching: wet etching and dry etching.  In wet etching, solutions of 

etching substances dissolve the substrate material and the liquid removes the products of the 

reactions. Typical etchants are alkaline solutions like KOH, which etches silicon but not 

natural silicon oxide, thus making the choice of masking material straightforward. 

    In dry etching, the reactive substances are in gas phase and the etching products also are 

dissolved in a gas phase. This process is enhanced by an energy-conveying plasma. A typical 

dry etching technique is RIE – reactive ion etching.  

    Important features of etching are anisotropy and aspect ratio, which to some extent are two 

sides of the same thing. Anisotropy is a measure of the difference in etching speed in different 

directions in the substrate, e.g. in different crystal directions. Anisotropic etching uses 

different crystal planes to define the etching patterns. Isotropic etching etches equally fast in 

all directions, causing and under-etch of the protecting mask layer.  
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    Aspect ratio is a measure of how steep and narrow a structure is. The main advantage of 

some of the dry-etching techniques is the very high aspect ratio attainable.  

 

Deposition 

By depositing a film of a certain species on the substrate surface, the surface properties can 

be altered according to the application requirements. For instance, masking layers or priming 

layers for chemical alterations can be deposited.  

    The most important techniques for deposition are sputtering and chemical vapour 

deposition (CVD). In the former, high-energetic argon ions are used to physically remove 

atoms from a piece of metal (target); these atoms are deposited on the substrate surface.  In 

the latter a solid-phase layer is created when gaseous molecules come into contact with a hot 

surface, e.g. the substrate disc. 

 

Bonding 

There are many steps involved in the assembly of a µTAS device, yet there is not standard 

technology for all steps. The most important standard techniques are in bonding. Bonding is 

a collective term for the planar joining of two substrates. It is regularly performed either 

through electrostatic force (e.g. anodic bonding of silicon and glass), chemical treatment 

(often acid treatment of silicon before fusion bonding), or different types of adhesives (a glue 

film is deposited on one substrate before bonding).  

    Depending on what type of system is produced, the different assembly techniques are more 

or less suited. For instance, using an adhesive film may clog the channels if the glue is too 

fluent. In silicon fusion bonding, a very high level of flatness is required to get strong and 

reliable bond.  

 

Additional techniques 

There is a large amount of additional MST technology not mentioned above. Two of the more 

important technologies, that go beyond the scope of the aforementioned techniques and yet 

are becoming more utilised in the field of µTAS construction, are electroplating and injection 

moulding. 

    Electroplating is a technique to electrochemically deposit a thin layer of a metal, primarily 

nickel, on a previously etched surface of silicon. This creates a high-precision nickel master, 

which can be used as a mould for polymers. 

    Injection moulding can be used in conjunction with electroplating to create high-precision 

plastic microstructures. Since the resolution requirements for microfluidic devices are 

relatively low, and injection moulding is well suited for mass production, this technique is 

considered very interesting for future µTAS production. 


