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The integration of microfluidics, microfabrication technologies and biomaterials has 
established new means to mimic the natural microenvironment of cells. Using 
microfluidic culture devices, cells can be stimulated with both mechanical and chemical 
cues. Light, in the form of UV lamps and lasers, is a powerful microfabrication tool for 
biomedical applications, offering high resolution and fast production. Special 
photocurable materials have been developed to meet the needs of this technology. The 
first part of this thesis is a literature review on this research field, focusing especially on 
microfabrication using lasers and photosensitive hydrogels in cell-based applications. 

Recently, photopolymerization by non-linear light absorption has been introduced to 
microfabrication, breaking the resolution boundaries set by classical optics. This pheno-
menon is utilized in two-photon polymerization (2PP), a method for the rapid freeform 
fabrication of 3D micro- and nanostructures. The basic theory of 2PP is provided in the 
literature review. Unfortunately, 2PP has mainly been studied with common photo-
resists and investigation of suitable synthetic biomaterials for the biomedical 
applications of 2PP has remained insufficient. The latter part of this thesis presents an 
innovative and scientifically original study that aims to widen the selection of 2PP 
processable biomaterials.  In the experiments, 2PP was investigated with a commercial 
photoinitiator (PI) and two biomaterials: a novel polycaprolactone-based oligomer 
(PCL-o) and a poly(ethylene glycol) hydrogel (PEGda). PCL-o is a novel photopolymer 
synthesized for research purposes and has never been used in 2PP; moreover, 2PP of 
PEGda with the laser type used has not been reported previously.  

In the study, the two materials were compared in terms of resolution and overall 2PP 
processability. Using a custom-built fabrication setup based on an affordable Nd:YAG 
laser, arbitrary microstructures were polymerized on glass substrates and subsequently 
characterized using SEM imaging. Additionally, the effect of PI concentration on 
resolution was investigated. Cytotoxicity of the sample materials was tested in order to 
estimate the applicability of the fabricated microstructures in cell-based applications. 

The outcome of this study was a success, since 2PP of both PEGda and PCL-o was 
successfully demonstrated and the Nd:YAG laser proved adequate for the research of 
novel biomaterial microstructures; resolution in the order of one micrometer was 
achieved with PCL-o. Based on the cytotoxicity tests, both PEGda and PCL-o were 
found non-cytotoxic and suitable e.g. for use in guided cell growth. Despite some 
differences in the fabrication process, the processability of PEGda and PCL-o was 
found equally well suited for 2PP and research with these materials should definitely be 
continued in the future. The versatility of the current fabrication system could be 
improved by experimenting different new photocrosslinkable oligomers, more efficient 
PIs, optimized equipment, sterilization of the microstructures and cell culturing. 
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Biomateriaalien mikrovalmistusmenetelmien kehittymisen myötä voidaan valmistaa yhä 
paremmin solujen luonnollista mikroympäristöä mimikoivia kasvatusalustoja, joissa so-
luja stimuloidaan sekä mekaanisin että kemiallisin signaalein mikrofluidistiikan avulla.  
UV-lamppuja ja lasereita hyödyntävä valoavusteinen mikrovalmistus on yksi 
kehittyneimmistä menetelmistä tällaisiin sovelluskohteisiin ja menetelmää varten on 
kehitetty myös uusia valokovettuvia biomateriaaleja. Tämän diplomityön ensimmäinen 
osa on laaja kirjallisuusselvitys, joka käsittelee mikrofluidistiikan, valoavusteisen 
mikrovalmistuksen ja biomateriaalien hyödyntämistä soluviljelysovelluksissa. Työssä 
syvennytään lasermikrovalmistukseen ja valosillottuvien hydrogeelien mikrokuvioitiin. 

Uusi trendi mikrovalmistuksessa on valon epälineaariseen absorptioon perustuvat 
menetelmät, joissa päästään nanometriluokan resoluutioon. Yksi niistä on kaksifotoni-
polymeraatio (2PP), 3D-mikrovalmistukseen sopiva pikamallinnusmenetelmä, jolla voi-
daan valmistaa mielivaltaisia mikro- ja nanokuvioita. Menetelmän teorian pääpiirteet 
esitellään kirjallisuusselvityksessä. Biosovelluksissa 2PP:n suurin rajoite on se, että pää-
sääntöisesti menetelmää on tutkittu perinteisillä fotoresisteillä ja bioyhteensopivien syn-
teettisten materiaalien tutkimus on ollut puutteellista. Tässä työssä tehdyn tieteellisen 
tutkimuksen tarkoitus oli kokeilla ja esitellä 2PP:oon sopivia biomateriaaleja, joista 
voidaan valmistaa soluyhteensopivia mikrorakenteita. 2PP-menetelmää tutkittiin 
polyetyleeniglykolihydrogeelillä (PEGda) sekä uudella polykaprolaktonipohjaisella 
oligomeerilla (PCL-o) käyttäen kaupallista fotoinitiaattoria. PCL-o on synteettinen 
biohajoava polymeerimateriaali, jota ei ole ennen testattu 2PP:ssa; myöskään PEGda:n 
2PP-valmistusta käytetyllä lasertyypillä ei ole aiemmin raportoitu. 

Tutkimuksessa vertailtiin PEGda:n ja PCL-o:n sopivuutta 2PP-valmistukseen reso-
luutio ja prosessoitavuus huomioon ottaen. Itsekoottua Nd:YAG-laseriin perustuvaa tie-
tokoneohjattua laitteistoa käyttäen lasialustalle polymeroitiin mikrokuvioita, jotka ka-
rakterisoitiin pyyhkäisyelektronimikroskoopilla. Työssä tutkittiin myös initiaattorikon-
sentraation vaikutus resoluutioon. Näytemateriaaleille tehtiin sytotoksisuuskokeet, joi-
den avulla arvioitiin valmistettujen mikrorakenteiden sopivuus biosovelluksiin.      

Onnistuneeksi osoittautuneen tutkimuksen mukaan sekä PEGda:n että PCL-o:n pro-
sessoitavuus 2PP:ssa oli riittävä ja käytetty laserlaitteisto soveltui tarkoitukseen hyvin; 
PCL-o:lla saatiin jopa 1 µm:n resoluutio. Sytotoksisuustestien perusteella molemmat 
materiaalit ovat ei-toksisia ja siten soveltuvat erilaisiin soluviljelysovelluksiin. Vaikka 
materiaalien välillä ilmeni valmistusprosessissa joitakin eroja, tämän tutkimuksen pe-
rusteella molempien materiaalien testaamista 2PP:ssa tulee ehdottomasti jatkaa. Tule-
vaisuudessa menetelmän käytettävyyttä voisi parantaa mm. testaamalla useampia uusia 
materiaaleja, tehokkaampia fotoinitiaattoreita, optisesti laadukkaampaa laitteistoa, mik-
rorakenteiden sterilointia sekä soluviljelyä polymeroiduilla rakenteilla. 



IV 
 

Preface 
 
 
This Master of Science thesis was done in the Biomaterials research group at the 
Department of Biomedical Engineering at Tampere University of Technology. The 
work was associated with the STEMFUNC-project, which is a joint project of TUT and 
the Regea Institute for Regenerative Medicine, and is funded by Academy of Finland. 
 
I would like to thank Professor Minna Kellomäki for examining my thesis. I am grateful 
for getting such an interesting thesis subject that also suits my studies exceptionally 
well. I also thank my supervisor M.Sc. (Eng.) Niina Ahola for constantly encouraging 
and supporting me during the project, as well as for giving constructive criticism on my 
thesis. Special thanks to M.Sc. (Eng.) Sanna Turunen for practical guidance and 
supporting companionship throughout the project. 
 
I wish to give special thanks also to other people who took part in the project. I 
gratefully thank researchers at the Laboratory of Polymer Technology in TKK for 
providing me with raw material and useful comments. I acknowledge the essential help 
of Research Professor Jouko Viitanen at VTT for advice and laser equipment expertise. 
In addition, I thank B.Sc. Sanna Siljander for SEM imaging and help at the laboratory 
and M.Sc. Laura Ylä-Outinen for the cytotoxicity testing. Furthermore, I wish to thank 
everyone at the Biomaterials research facility in Hermia who gave me altruistic help at 
any situation and made my work enjoyable by their company and the pleasant 
discussions. 
 
Finally, I would like to compliment my husband Seppo for his love and support during 
this work and my studies, and for encouraging me to always strive for better. I also 
express my gratitude to my parents and my grandmother, who have always believed in 
my success. Special thanks to my friends for support and for fulfilling my free time with 
fun and laughter. 
 
  
20.5.2010, Tampere 
 
Jenni Koskela      
 
Tel. +358443742441 
  



V 
 

TABLE OF CONTENTS 
 
1. Introduction ................................................................................................................ 1 
 
LITERATURE REVIEW ................................................................................................. 3 
 
2 Microfabrication and microfluidics in biomedical applications ................................ 4 

2.1 Microfluidics in general.................................................................................... 4 
2.2 Microfluidic cell culturing ................................................................................ 6 
2.3 Fabrication of microfluidic devices .................................................................. 7 

2.3.1 Fabrication techniques ........................................................................ 7 
2.3.2 Materials for microfluidics ................................................................. 8 

3 Light-induced microfabrication of polymeric materials .......................................... 14 
3.1 Introduction to light-induced reactions in polymers ....................................... 14 
3.2 Photopolymerization reaction mechanism...................................................... 14 
3.3 Photoscission .................................................................................................. 16 
3.4 Photoinitiators ................................................................................................. 16 

3.4.1 Photoinitiation mechanisms ............................................................. 17 
3.5. Photoresists ..................................................................................................... 17 

3.5.1 SU-8 .................................................................................................. 18 
3.6 Photosensitive biomaterials ............................................................................ 19 

4 Common photofabrication methods ......................................................................... 22 
4.1 Photolithography ............................................................................................ 22 
4.2 Soft lithography .............................................................................................. 23 
4.3 UV-nanoimprint lithography .......................................................................... 24 
4.4 Contact lithographic photopolymerization ..................................................... 25 

5 Laser-based microfabrication in biomedical applications ....................................... 27 
5.1 Introduction to laser-based microfabrication .................................................. 27 
5.2 Methods of laser-based microfabrication ....................................................... 27 
5.3 Stereolithography............................................................................................ 28 
5.4 Laser ablation ................................................................................................. 30 

6 Two-photon polymerization in microfabrication ..................................................... 32 
6.1 Introduction to two-photon polymerization .................................................... 32 
6.2 Basic theoretical principals ............................................................................. 32 
6.3 Microfabrication process ................................................................................ 34 

6.3.1. Process characterization ................................................................... 34 
6.4. Selection of photoinitiator and materials ........................................................ 36 

6.4.1. Photoinitiators for two-photon polymerization ................................ 36 
6.4.2. Materials for two-photon polymerization ......................................... 37 
6.4.3. Commercially available materials .................................................... 38 
6.4.4. Proteins and other biomaterials ........................................................ 40 

6.5. Applications in cell culturing and microfluidics ............................................ 41 
7. Microfabrication of photosensitive hydrogels ......................................................... 42 

7.1. Photocrosslinked hydrogels ............................................................................ 42 
7.2. Poly(ethylene glycol) hydrogels ..................................................................... 43 
7.3. Microfabrication techniques for hydrogels..................................................... 44 
7.4. Applications in microfluidics ......................................................................... 47 

8. Conclusions and future perspectives ........................................................................ 49 
 



VI 
 

EXPERIMENTAL STUDY ............................................................................................ 50 
 
9. Materials and methods ............................................................................................. 52 

9.1. Materials and characterization ........................................................................ 52 
9.2. Methods .......................................................................................................... 52 

9.2.1. Laser equipment set-up .................................................................... 52 
9.2.2. Fabrication of the prepolymer mixture ............................................. 54 
9.2.3. Substrate silanization ........................................................................ 55 
9.2.4. Sample preparation ........................................................................... 56 
9.2.5. Computer-controlled manufacturing of microstructures .................. 57 
9.2.6. Development procedure ................................................................... 58 
9.2.7. Imaging ............................................................................................. 58 
9.2.8. Resolution calculations ..................................................................... 59 
9.2.9. Initial cytotoxicity testing ................................................................. 62 

10. Results and discussion ............................................................................................. 63 
10.1. Objectives of the study ................................................................................... 63 
10.2. Selection of photoinitiator .............................................................................. 63 
10.3. Photocrosslinking reactions ............................................................................ 66 
10.4. Optimizing of processing parameters ............................................................. 68 

10.4.1. Laser power ...................................................................................... 68 
10.4.2. Scanning speed ................................................................................. 69 

10.5. Determination of resolution ............................................................................ 71 
10.5.1. Voxel arrays ..................................................................................... 71 
10.5.2. Two-dimensional microstructures .................................................... 73 

10.6. Fabrication of three-dimensional microstructures .......................................... 78 
10.7. Comparison of processability ......................................................................... 81 
10.8. Results of cytotoxicity testing ........................................................................ 84 
10.9. Use of microstructures in guided cell growth ................................................. 85 

11. Conclusions .............................................................................................................. 87 
12. Suggestions for future studies .................................................................................. 89 
References ....................................................................................................................... 89 
Appendix 1: Silanization of the microscope glass slides .............................................. 102 
 



VII 
 

TERMS AND ABBREVIATIONS 

�û�W Laser pulse width 

�12 �R�U���1TPA Two-photon absorption cross-section 

1PA Single-photon absorption  

1PP Single-photon polymerization 

2D  Two-dimensional 

2PA  Two-photon absorption 

2PP  Two-photon polymerization 

3D  Three-dimensional 

BSA Bovine Serum Albumine, a natural protein 

CAD Computer-aided design 

CCD  Charge-Coupled-Device 

CLiPP Contact lithographic photopolymerization  

E Laser pulse energy 

f Laser pulse frequency 

GM Göppert-Meyer, a commonly used unit for 2PA 
cross-section; 1 GM equals 10-50 cm4 s photon-1 

IPG Inorganic-organic polysiloxane polymer by RPO Inc. 

Irgacure® 127 �$�Q�� �.-hydroxyketone type UV photoinitiator, 
2-hydroxy-1-{4-(2-hydroxy-2-methyl-1-phenyl-1-
propanoyl)-phenyl}-2-methyl-1-propanone 

UV  Ultraviolet; electromagnetic radiation at wavelengths 
within the range of 10–400 nm 

UV-nil  UV-nanoimprint lithography 

LIGA  A fabrication process that produces metallic molds of 
high aspect ratio microstructures for cast molding of 
polymers, for example. The abbreviation LIGA 
stands for German words for lithography, 
electroplating and molding (lithographie, 
galvanoformung, abformung) 

LN1 Urethane acrylate based photoresist by Sartomer 

MEMS  Microelectromechanical system 

MMA  Methyl methacrylate 

MPA Multi-photon absorption  
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NA  Numerical aperture of an objective lens 

NOA63 Mercapto-ester polyurethane material by Norland 
Products 

Nopcocure 800 Acrylic acid ester material by San Nopco 

Oligomer  Consists of a limited number of monomer units 

Ormocer® Organically modified ceramic; an inorganic-organic 
hybrid material by Fraunhofer Institute 
Silicatforschung 

Ormodev® 50:50 mixture of 4-methyl-2-penthanone and 
2-propanol 

PAG Photoacid generator; a molecule that produces acidic 
species upon light exposure 

Pavg Average laser power 

PC Polycarbonate 

TMC  Trimethylenecarbonate 

PCL Polycaprolactone 

PDMS Poly(dimethyl siloxane) 

PEGdma Poly(ethylene glycol) dimethacrylate  

PEGMA Poly(ethylene glycol) methacrylate 

PEN Poly(ethylene naphthalene)  

PEO Poly(ethylene oxide) 

PET Poly(ethylene terephtalate)  

PGS Poly(glycerol sebacate)  

PLA Polylactide 

PLGA poly(lactide-co-glycolide) 

PMMA  Poly(methyl methacrylate) 

Ppeak Peak laser power 

PS Polystyrene  

PVA Poly(vinyl alcohol)  

PVC Poly(vinyl chloride) 

SCR500 Urethane acrylate based photoresist by Japan 
Synthetic Rubber Co. 

SEM  Scanning electron microscopy/microscope 
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SFF Solid freefrom fabrication 

Si  Silicon 

SR348 Ethoxylated (2) bisphenol A dimethacrylate by 
Sartomer 

SU-8 Epoxy-based negative-tone photoresist by 
MicroChem 

T Cycle time, the inverse value of laser pulse 
frequency f 

TBNVP 3-(t-butoxycarbonyl)-N-vinyl-2-pyrrolidone  

t-BOC t-butoxycarbonyl group  

TEGDA Tri(ethyleneglycol) diacrylate  

Ti  Titanium 

Hydrogel Highly crosslinked hydrophilic polymer network of 
high water content  

Laser Light amplification by the stimulated emission of 
radiation; a source of electromagnetic radiation at 
particular wavelengths produced by the stimulated 
emission of atoms or molecules 

Microfabrication  Fabrication of small structures, parts or patterns of 
dimensions in the micrometer scale 

Microfluidic biomaterial A biomaterial with an embedded network of 
microfluidic channels 

Microfluidics  A system, method or a device that manipulates very 
small (10-9 to 10-18 litres) amounts of fluids 

Monomer  A small molecule that is capable of forming covalent 
bonds to other monomers to form a polymer 

Photocleavage  Light-initiated breaking of chemical bonds 

Photocrosslinking A light-induced chemical process in which relatively 
large molecules become covalently bonded to 
produce a three-dimensional network structure 

Photocuring Light-induced solidification of a photosensitive 
polymer solution 

Photodecomposition Light-induced breaking of chemical bonds without 
thermal melting or vaporization 

Photoinitiator  A low-molecular-weight chemical compound that 
forms reactive species upon exposure to light of a 
specific wavelength 
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Photolysis see Photocleavage 

Photomask A thin patterned sheet that allows light to pass 
through only in desired regions 

Photopolymerization  Polymerization initiated by light 

Photoresist  A light-sensitive polymer, that either cures or 
undergoes photocleavage under exposure to light 

Photosensitizer  A chemical compound that is readily capable of light 
absorption and subsequent energy transfer to another 
molecule, thus making the reaction mixture more 
sensitive to light 

Polymerization A chemical process in which monomers are 
covalently bonded to produce a large chainlike or 
network molecule, called a polymer 

Quantum yield In photoinitiation, the ratio between the amount of 
initiating species produced and the amount of 
photons absorbed 

Rapid prototyping  Automatic construction of physical objects using 
solid freeform fabrication 

Scaffold  In tissue engineering, a support structure for cells 
and tissues made of a biomaterial 

Stereolithography A laser-based SFF technique for rapid prototyping 

Tissue engineering  Production and development of biological substitutes 
of either natural or synthetic origin, which restore, 
maintain, or improve tissue function or a whole 
organ 

Two-photon absorption  Atom or a molecule is excited from a lower quantum 
state to an excited state of the same parity in a single 
step via simultaneous absorption of two photons 

Two-photon absorption cross-section The measure of a materials susceptibility to 2PA 

Two-photon polymerization  Polymerization induced by two-photon absorption 

Voxel  A volumetric pixel 

 
 



 1 

1. INTRODUCTION 

Macroscale cell culturing devices such as traditional Petri dishes have numerous 
drawbacks representing physiological systems, as their operating volumes, lengths and 
time scales are inordinately large.  In reality, biological phenomena occur within micro- 
and nanometer scale. For example, most eukaryotic cells, when attached and spread, 
have dimensions of 10–100 µm. Novel microscale cell culturing technologies have been 
developed to overcome these fundamental problems. In particular, the incorporation of 
different microfabrication techniques and microfluidics is currently of main interest in 
many research groups in the field of biomedical engineering. [155] 

Microfabricated microfluidic cell culture platforms can be used to create a 
biomimetic environment for cells and also to control and monitor events and parameters 
of the culture more precisely than with traditional culturing devices. The incorporation 
of microfluidic channels in the culture matrix is essential for providing cells with fresh 
medium and a waste disposal system on a steady-state basis. Additionally, it is possible 
to create chemical gradients by varying the composition of culture medium within the 
channel network. Furthermore, cells can be stimulated with mechanical and electrical 
cues. To date, many different cell types including endothelial cells, hepatocytes, 
neurons and stem cells have been successfully cultured long-term using microfluidic 
devices. [23, 45] 

The lack of abundant source of viable and healthy cells remains a barrier in the field 
of regenerative medicine. As an alternative to traditional cell sources obtained from 
mature human or animal tissue, stem cells from both adult and embryonic tissue hold 
great potential for tissue engineering. Temporal and spatial manipulation of the 
chemical environment of the culture allows the behavior of stem cells, such as 
proliferation and differentiation, to be controlled. Thus, one of the main targets of 
microscale fabrication and microsystems technology is to engineer microenvironments 
for stem cell culturing. Current research is focused on developing microfabricated 
bioreactors that stimulate stem cells with both mechanical and biochemical cues. [12, 
38] 

When it comes to the methods of microfabrication, light-induced polymerization, 
crosslinking and molecule cleavage have been vastly utilized. Special polymers with 
optimal bonding or scission characteristics have been developed to meet the needs of 
special applications and fabrication technologies. With respect to microfluidic devices, 
photofabrication has many advantages over other technologies. These advantages 
include fast curing rates and high control spatially and temporally, as well as the 
important ability to encapsulate living cells within the material during in situ 
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polymerization. Photofabrication can be carried out in ambient conditions, physiological 
temperature and pH with minimal heat production. [106] For these interests, novel 
photosensitive biomaterials have been developed to meet the demands of both the 
biomedical application and the fabrication method [8]. 

The outline of this thesis consists of two parts: the first part is a literature review, 
and the second part presents an experimental study. The main objective of the literature 
review is to aggregate the advances in cell culturing from fields of microfluidics, 
microfabrication and photosensitive biomaterials. After a general introduction to these 
topics, special focus will be set on laser-based microfabrication by a novel technology 
called two-photon polymerization and microfabrication of photosensitive hydrogels. In 
the end of the literature review, outlook on future themes for research will be shortly 
discussed. 

In the experimental study, the two-photon polymerization technology is used to 
study the polymerization of two photopolymers into variable microstructures.  
Introduction to this method is provided in the literature review, but a detailed discussion 
of all the theoretical aspects of two-photon polymerization is beyond the extent of this 
thesis. For those interested, extensive information can be found in the recent advisable 
reviews by Lee et al. [75, 76] and Wu et al. [159]. 

This thesis was done as part of a multi-disciplinary project, STEMFUNC, a joint 
project between Tampere University of Technology and Regea Institute of Regenerative 
Medicine, funded by Academy of Finland. The project aims to develop a biomimetic, 
multifunctional culturing platform for stem cell derived neurons and cardiomyocytes by 
combining engineering expertise in biomaterial technology, modeling, signal 
processing, microsensors, microfluidics and microactuator technology. The theoretical 
part of this thesis aims to suit the interests of the project, thus was not merely focused 
on the 2PP technology used in the experimental study. Another reason for this slight 
inconsistency between the two parts is that another Master of Science thesis previously 
written at the Department of Biomedical Engineering (Käpylä, E. Two-photon 
polymerized hybrid polymer-ceramic microstructures) already covered all aspects of 
2PP, and re-writing the theory would not have been reasonable. 

The goal of the experimental part is to study the adaptability of laser-induced 
polymerization to two specific photosensitive biomaterials: a novel methacrylated poly-
�B-caprolactone-based oligomer and polyethylene glycol diacrylate (PEGda) hydrogel. 
Using a commercial photoinitiator, a comparison of processability between these 
materials will be made considering the whole microfabrication process. The study will 
consist of (1) determining the most important equipment-related parameters, (2) 
studying resolution and the effect of photoinitiator concentration on resolution, (3) 
polymerizing arbitrary microstructures with various geometries and (4) studying cell 
behavior on photopolymerized samples. Based on these results, the potential use of the 
polymerized structures in stem cell culturing and other biomedical applications will be 
discussed. In the end of the latter part of the thesis, conclusions will be drawn from the 
results gained, and suggestions for future research will be made. 
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2. MICROFABRICATION AND MICROFLUIDICS IN 
BIOMEDICAL APPLICATIONS 

2.1. Microfluidics in general 

The term microfluidics refers to a system, method or a device that manipulates very 
small (10-9 to 10-18 liters) amounts of fluids. In microfluidic devices, fluid flows are 
processed in microchannels having dimensions of tens to hundreds of micrometers. [79] 
Microfluidics is often related very closely to terms like lab-on-a-chip (LoC) and micro-
total-analysis-system (µTAS). The explanations of these terms proposed by Lee and Lee 
[79] are presented in Table 2.1. 

Table 2.1. Terminology in microfluidics. Reproduced with modifications from [79]. 

Microfluidics Transporting and manipulating minute amounts of fluid 
through microchannels on the chips 

Micro total analysis 
systems (µTAS) 

Miniaturization of an overall analytical process from sample 
preparation through reaction and separation to detection 

Lab-on-a-chip A microfabricated device, integrating several laboratory 
processes on a single chip 

 
Microfluidics technology has developed dramatically since the 1950’s, when the 

first efforts to dispense small amounts of fluids in the nanometer range were made, 
enabling the development of today’s ink-jet technology [49]. Terry et al. [148] set a 
milestone in 1979 realizing a miniaturized gas chromatograph on a silicon wafer. Since 
those days, the number of microfluidic applications has increased exponentially. In 
2004, Ducrée and Zengerle published a comprehensive study, Microfluidics Roadmap 
for the Life Sciences [105], in which they estimated the economical aspects and 
technological trends related to microfluidics technologies for the life sciences. 
According to the writers, drug discovery, medical diagnostics, and therapeutic devices 
represent the most promising fields for future microfluidics economic-wise. Figure 2.1 
illustrates the most important segments that offer business potential and emerging 
markets for microfluidic technologies. At present, microfluidic inkjet printing 
technology is the most mature and commercially most successful application of 
microfluidics, whereas life sciences present the most growth potential. [105] Figure 2.2 
presents an example of a biomedical microfluidic device, a microchip developed for cell 
handling and analysis [40]. 
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Figure 2.1. The six major markets for microfluidics technology. Reproduced with 
modifications from [105]. 

 

Figure 2.2. An example of a microfluidic device; a cytological tool for cell counting and 
separation. Modified from [40] . 

Review articles on microfluidics in several fields of biomedical sciences, such as 
chemical biology [150], cell culturing [38], microarrays for bioanalysis and diagnostics 
[122, 138, 162], and tissue engineering [4] have been written in recent years. For those 
interested in the general idea of microfluidics research, George Whitesides [155] has 
published an advisable review. Velve-Casquillas et al. [152], on the other hand, have 
recently written an excellent review on microfluidics in cell biological research in 
general. The great impact of microfluidic technologies has also been realized as a large 
number of recently published books [49, 81, 82], and journals (Microfluidics and 
Nanofluidics, Springer, Lab on a Chip, Royal Society of Chemistry). 
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2.2. Microfluidic cell culturing 

The behavior of fluid flows within micrometer scale is fundamentally different than 
what can be observed in the macroscale world. A physical quantity commonly used in 
fluid mechanics, the Reynolds number (Re), represents the ratio of inertial forces to 
viscous forces that affect a fluid particle. In microfluidic systems Re is low (<2000), 
which means that fluid flow in a channel is laminar, predictable and dominated by 
viscous forces. Flow patterns are also reversible because flows with low Re are time-
independent. Laminarity of flows means that in a microchannel, adjacent streams of 
miscible �Àuids �À�R�Z���V�L�G�H-by-side, and mixing only occurs by diffusion at the interface of 
the streams.  This phenomenon can be exploited in many ways, for example when 
producing temporally and spatially stable chemical gradients perpendicular to the fluid 
flow. [122, 150]  

When considering cell-based biomedical applications, miniaturization by 
microfluidics offers fundamental improvements over traditional macroscopic devices. 
Firstly, the number of cells needed is reduced, and short transport distances enable cells 
to respond more quickly to chemical and environmental signals. Secondly, when 
reduced amounts of expensive fluids are needed, experiments become more cost-
effective. [122, 155] 

Microarray technologies have been addressed to study the effects of different 
immobilized factors on cells, but these studies do not give information on soluble 
factors. With microfluidic cell culturing platforms, on the other hand, it is possible to 
combine the benefits of (1) miniaturization, (2) optical real-time observation, (3) 
patterning the culture substrate, (4) continuous feed of fresh medium and waste 
disposal, (5) varying the composition of culture medium spatially and temporally, and 
(6) creating physiological culture conditions. [45] 

The spatial microenvironment of cells is a critical factor for the structure and 
function of tissues in the body. Regulation of cell function by biomaterial surface 
chemistry and surface patterning with lithographic methods is a typical approach in 
microfluidic techniques developed for spatial control of cell behavior. [12] However, in 
an ideal culture device, the microfluidic channels would be fabricated into the matrix of 
a porous biomaterial scaffold that permits diffusion of smaller and larger biomolecules, 
whereas the matrix serves as mechanical support for the tissue in all three dimensions. 
Convective mass transfer along the microchannels allows for controlling the metabolic 
environment experienced by the cells in the scaffold matrix, serving as a waste disposal 
system for toxic waste products. [21] 

In natural tissue, microvascular networks provide the basis for oxygen and nutrient 
transport. Microfabrication with photolithographic methods and polymer replica 
molding has been introduced to produce three-dimensional microfluidic vasculature for 
culturing of engineered tissue. The design principles for these artificial blood vessel 
networks originate from computational fluid dynamic models, which are based on 
morphometric analysis of natural microvasculature of vital organs. [12] An example of 
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such study is the work done by Fidkowski and co-workers [42] with a biodegradable 
elastomer, poly(glycerol sebacate) (PGS). 

In addition to the function of microchannels as plain medium providers, they can be 
used to acquire chemical information about the condition of the cell population, and to 
produce chemical gradients for cell guiding and stimulation. [150] Especially for 
neuronal cells, introduction of chemical gradients is crucial for controlling neuronal 
behavior. As Dertinger et al. [32] demonstrated in their pioneering study, substrate 
interactions – such as contact with laminin – trigger axon formation and polarization in 
hippocampal neurons. In the absence of chemical gradients, axon formation does not 
occur and neurons do not become polarized. [12]  

According to Borenstein [12], most of the work done within the field of microscale 
cell and tissue engineering has been targeted in liver tissue engineering and a larger 
number of microscale tools have been developed in investigations involving hepatocytes 
than any other cell type. For example, Kane et al. [66] and Powers et al. [125] have 
developed microfluidic bioreactors for culturing liver cells. Besides hepatocytes, 
microfabricated culturing devices for stem cell control and regulation present one the 
most important applications of microscale fabrication and microsystems technology 
[12].  

2.3. Fabrication of microfluidic devices 

2.3.1. Fabrication techniques 

 Microfabrication methods used for patterning microfluidic channels on substrates 
originate from the semiconductor industry, where layer-by-layer construction of 
transistors and its interconnections is done by photolithography. This fabrication 
method will be elaborated in Chapter 4.1. Generally speaking, thin layers of material are 
deposited on a planar substrate or etched from it, yielding a structure with dimensions of 
0.1–5 µm. Using the same method, high aspect ratio microstructures for biomedical 
applications can be fabricated in the order of 20–200 µm by either bulk or surface 
micromachining. In bulk micromachining, material is selectively removed from the 
substrate, by a method such as laser ablation [91], whereas in surface micromachining 
the aim is to produce topology to the substrate by selectively adding thin films of 
material, as is the case in nanoimprint lithography [17]. [134] 

Variable methods for producing high-resolution microstructures by replica 
molding of polymers have been well established since the late 1990’s. These methods 
include the principal of generating polymeric structures with micron-scale precision by 
casting, micromolding or embossing the features from a photolithographically 
fabricated silicon master. As these techniques inherently create planar structures, also 
three-dimensional constructions can be realized by stacking and bonding multiple layers 
together. [12]  
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A generalized example of a typical manufacturing process for a planar two-
dimensional (2D) microfluidic device for biomedical applications, as presented in 
Figure 2.3, can be described through the following steps: first, a master mold is 
designed and fabricated by conventional lithographic methods. The master is a negative 
replica of the designed structure. Secondly, using the master, a positive replica of the 
design is molded, embossed or imprinted to a selected polymer part, and the part is 
machined to the desired size. Thirdly, a cover sheet is bonded to the polymer to seal the 
channels. Finally, connections to an external fluidic reservoir system are 
fabricated. [99, 134] 

 
Figure 2.3. A generalized example of the fabrication of a biomedical microfluidic 
device. Concept adapted from [134]. 

Polymer replication from a sustainable master mold is very cost-effective especially 
for serial production of disposable biomedical devices. Once the master is fabricated, 
thousands of polymer replicas can be molded without reductions in resolution or 
quality. [134] Examples of the polymers used in microfluidic applications for 
biomedical applications will be presented in the next chapter. 

2.3.2. Materials for microfluidics 

Microfluidic platforms used in biomedical research stem from the microelectronics 
industry and traditional microfabrication techniques with silicon and glass [122].  
Considering the benefits for cell culturing, glasses are transparent, relatively 
biocompatible and have controllable surface properties. In particular, microfabrication 
methods for glass materials are well-established. [12] Glass provides excellent isolation 
properties, but the machining of high aspect ratio 3D microstructures in glass is very 
difficult and expensive [134]. 
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Silicon (Si) has been commonly used as a substrate material in microfluidics, 
exploiting its well-known fabrication methods. However, several silicon-related 
disadvantages exist. Silicon substrates have high electrical and thermal conductivities, 
thus a special insulation layer of an oxide, nitride or a polymer is needed to prevent heat 
and electricity transfer between chambers in the microfluidic device. Another trouble 
with silicon is interaction with biomolecules and fluids in the microchannels, which 
leads to adhesion, accumulation and fouling, preventing the device from functioning 
properly. These interactions can be eliminated by surface modification techniques such 
as silanization, which, however, raise the processing costs and the modified surface may 
degrade over time. [134] 

Despite the many favorable properties of glass and silicon, fabrication costs for 
these materials are inordinate, and neither of them has optimal properties to work with 
living mammalian cells. Nevertheless, it is the development of fabrication methods that 
hinders the development new material solutions, and therefore silicon and glass are still 
used in fabricating specialized microfluidic systems as molds, supporting structures and 
whenever chemical and thermal stability are needed. [122, 155]  

Special constraints from the implementation of microfluidic mass transfer set 
demand for the material to be (1) appropriate for the replication of microstructure with 
adequate resolution, (2) formable into pressure-tight fluidic structures, (3) highly 
permeable to small and large solutes and (4) able to be chemically modified to adjust 
the surface and adhesion characteristics. [15, 21] Polymer materials are easy to mold 
into complex geometries with small dimensions, and have insulation properties 
comparable to glass. Furthermore, polymers can be made inert to interaction with 
biomolecules and there are several modification techniques to manipulate the chemical 
character of the polymer surface. [134] The predominant polymer, or more precisely, an 
elastomer, used for microfluidic microfabrication is poly(dimethyl siloxane) (PDMS), a 
versatile, cheap and biocompatible material. [122, 155] 

PDMS is a synthetic elastomer material belonging to the group of silicones, 
polymers containing a Si-O backbone. The repeating unit in the chemical structure of 
PDMS is [(CH3)2-Si-O]n. PDMS can be synthesized in different rheological forms 
depending on the polymer chain length and crosslinking density. In microfluidic 
applications, PDMS is usually in elastomeric form, meaning the material is highly 
crosslinked and only little free fluid remains in the structure. The material is 
commercially sold as kits containing both the PDMS prepolymer solution and a curing 
agent (photoinitiator) for crosslinking. [134] 

In the field of biomedicine, PDMS has been the predominant material for structuring 
microfluidic devices. For use with aqueous systems, biochemicals and cells, PDMS has 
an attractive combination of properties, which have been listed in Table 2.2. The 
primary disadvantages of PDMS for use in microfluidics include absorbance of a range 
of organic solvents and compounds, and the inability to covalently attach biomolecules 
on the material surface because of chemical inertness. [137, 150] 
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Table 2.2. Properties and benefits of PDMS in biomedical applications. [12, 95, 150] 

property benefit in biomedical applications 
softness and flexibility resembles natural soft tissue environment 
transparency (UV-Vis) can be optically investigated 
biocompatible 

essential properties when used in cell-based systems 
withstands sterilization 
reversible deformation keeps its shape after handling 
inexpensive useful in research and industrial scale applications 
processability and low curing 
temperatures 

fast, easy and reproducible fabrication of different 
geometries 

permeable to gases oxygen diffusion to cells 
surface modificative easy sealing with other surfaces 

 

Other commonly used polymers in microfluidics include parylene, 
poly(methyl methacrylate) (PMMA), polycarbonate, polyesters, paraffin, polyimide and 
SU-8, a commonly used photoresist material presented later in Chapter 3.5.1 
[97, 134, 164]. Figure 2.4 summarizes material properties of some of these polymers 
and those of silicon and glass. 

 

Figure 2.4. Properties of commonly used materials for microfluidic device fabrication. 
Modified from [164] . 

Although traditionally microfluidics has only employed stable and inert polymers, 
there has been a growing trend of moving towards biodegradable and more 
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biocompatible materials, especially in the field of tissue engineering. [12] 
Biodegradable polymers earn the credit for most of the advances in tissue engineering 
applications, as well as in other biomedical applications including degradable surgical 
sutures and devices for controlled drug release. Most of these materials degrade via 
hydrolysis and the degradation process can be highly controlled. The most widely used 
biodegradable polymers are polyglycolide (PGA), polylactide (PLA), polycaprolactone 
(PCL) and poly(lactide-co-glycolide) (PLGA), which have adjustable degradation times 
varying from several months to years. [12, 134] Materials from this group have also 
been extensively studied at Tampere University of Technology [e.g. 2, 107, 116]. 

Biodegradable polymers are usually more difficult to process than traditional non-
degradable polymers, since exposure to heat, oxygen or unsuitable solvents may lead to 
degradation and loss of mechanical properties. Conventionally, processing methods 
such as injection molding and extrusion have been used to shape biodegradable 
polymers. Nowadays there are also several suitable microfabrication methods for 
structuring these materials with micrometer precision. Some of these methods use a 
microfabricated master mold, such as imprinting, hot embossing and soft lithography, 
whereas others employ direct shaping of the polymer; these include direct writing, 
stereolithography and laser micromachining. [12, 134] Soft lithography is a method 
developed for molding of rigid polymers such as PLGA, and will be discussed in 
Chapter 4.2. This double-transfer method employs an elastic PDMS mold, since it 
would be difficult to peel off the rigid polymer part from a rigid silicon master. [12] 

Several studies of microfluidic device fabrication using biodegrarable polymers, 
especially for tissue engineering scaffolds, have been published. For example, 
King et al. [69] fabricated a three-dimensional microfluidic network of thin PLGA films 
using soft lithography, hot embossing and thermal fusion bonding. The construct was 
designed to mimic natural tissue microvasculature, and aimed to be scalable for large-
scale tissue engineering [69]. Mills et al. [98] have studied nanoimprint lithography and 
hot embossing methods for structuring microchannels in PLA in addition to experiments 
with poly(ethylene naphthalene) (PEN) and PMMA. A scheme of the fabrication 
method and scanning electron microscope (SEM) images of the imprinted 
microstructures on PLA are presented in Figure 2.5. 
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Figure 2.5. Nanoimprint lithography of PLA. a) A schematic diagram of the imprinting 
technique, and b) and c) SEM-images of imprinted microstructures. Modified from [98]. 

The group of Robert Langer [11, 42] has developed replica-molding techniques for 
fabricating microfluidic devices from poly(glycerol sebacate) (PGS), which is a 
synthetic biocompatible and biodegradable elastomer. Bettinger et al. [11] fabricated a 
microfluidic system using two layouts, one for a microvascular network and the other 
for hepatocytes culturing. PGS was molded into single-layer microfluidic networks, 
which were then stacked and bonded into a three-dimensional scaffold structure. Figure 
2.6 presents the microstructure of the mold and the molded network. According to the 
writers, this technique is fast, efficient and scalable. As a special advantage, the polymer 
can be cured and bonded without using any cytotoxic solvents or adhesives. They also 
see that the microfluidic network described in the study could easily be incorporated 
into existing biomaterial systems and technologies such as drug delivery systems. [11] 
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Figure 2.6. Characterization of PGS microfluidic devices. a) Mask layout for (1) 
vascular and (2) hepatocyte networks, b) SEM-image of a silicon mold for polymer 
replica molding of microfluidic hepatocyte networks, c) replica-molded PGS layer of 
silicon master shown in (b), d) SEM-image of the cross-sections of a three-layer PGS 
device, e) and f) composite fluorescent micrographs of the devices after flowing 
rhodamine and 4,6-diamidino-2-phenylindole solutions to demonstrate the patency of 
multilayer hepatocyte devices. Modified from [11]. 

Also biopolymers of natural origin have been employed in microfluidics for their 
inherent biocompatibility and mild fabrication conditions. Micropatterning and channel 
fabrication in natural hydrogels such as calcium alginate [143], and gelatin [117] have 
been studied. One of the advantages of using hydrogels in microfluidic cell culturing is 
the low fraction of solid material within the structure, so that the gel is permeable to 
diffusion of small and large molecules. Furthermore, the fabrication conditions for 
natural hydrogels are mild enough to allow pre-seeding of the gel with cells. [143] 
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3. LIGHT-INDUCED MICROFABRICATION OF 
POLYMERIC MATERIALS 

3.1. Introduction to light-induced reactions in polymers 

The interaction of electromagnetic radiation of suitable wavelength with monomer or 
polymer molecules can induce chemical bond formation or bond breakdown. The terms 
photopolymerization, photocrosslinking and photocuring refer to the former; the latter 
phenomenon is termed photoscission. In practice, the term photopolymerization means a 
polymerization process initiated by visible or ultraviolet (UV) light. Theoretically, 
polymerization can be initiated also by electromagnetic radiation of other wavelengths. 
[28] 

The term curing is usually used to denote any kind of solidification of a polymeric 
solution. The interpretational difference between the terms photopolymerization and 
photocrosslinking, on the other hand, can be explained in reference to the size or length 
of the polymerizable species. When the term photopolymerization is used, 
polymerization occurs between molecules of short chain length or small molar mass 
(monomers) forming a polymer structure with greater molar mass and longer chains. 
Photocrosslinking, on the other hand, refers to the formation of covalent bonds between 
already polymerized molecule chains (oligomers) through double bond opening, for 
example. Another distinctive fact is that unlike photopolymerization, photocrosslinking 
involves the absorption of a photon in every chain propagation step. 
Photopolymerization and photocrosslinking can occur simultaneously if the monomer 
has more than one reactive functional units, and the overall result is a highly crosslinked 
polymer network as in photocrosslinking. [147]  

In the field of biomedicine, light sources utilized in the fabrication of polymeric 
networks and devices include UV lamps, halogen lamps, plasma arc lamps, light 
emitting diodes (LED), titanium-sapphire lasers and other laser lamps. The light beam 
generated by these lamps differs in terms of emission wavelength, intensity and 
associated heat. Typically, UV and halogen lamps have been used for tissue 
engineering, drug delivery and cell encapsulation, whereas other light sources have been 
employed in other purposes such as dental applications and microfabrication. [8] 

3.2. Photopolymerization reaction mechanism 

Photopolymerization (or –crosslinking) in a photosensitive material is first initiated by 
small molecules called photoinitiators (PIs), which exhibit high absorption at the 
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specific wavelength of light used in the fabrication process. The primary reaction 
mechanism, dominated by free radicals, has four steps presented in Figure 3.1. [7]  

In the initiation step, the PI molecule is excited (PI*) by absorption of a photon (or 
more, as seen later) and forms one or more radicals (�4��) , depending on the molecule. 
Usually only one of these radicals is active and can induce the convertion of monomer 
species (M) into a growing polymer (�2��) during the association step. In the propagation 
phase, the growing polymer is elongated by continuous addition of monomer units. 
Elongation occurs until two growing chains meet and react at their radical ends, 
terminating the propagation. [7, 43, 76] This termination mechanism is called 
combination [43]. The photopolymerization process is illustrated in Figure 3.2. 

 

Figure 3.1. The primary reaction mechanism of photopolymerization. The symbols �� 
and k with subscripts above the reaction arrow denote light energy absorbed by the PI 
and the reaction rate constants for each conversion reaction, respectively. Adapted 
from [7]. 

 

Figure 3.2. A scheme of photopolymerization as a function of time. [7] 

The photoinitiation efficiency of a PI can be described in terms of the quantum 
yield. This quantity gives the ratio between the amount of initiating species produced 
and the amount of photons absorbed. [51] The photopolymerization mechanism 
presented above is greatly simplified and excludes all the side reactions related to PI 
excitation. Increase in the probability of these side reactions decrease the quantum yield 
of the PI, which of course is desired to be high.  For example, instead of splitting into 
radicals, the excited PI molecule can decay back into the initial state and emit the 
absorbed energy as light and/or heat. Another possibility is a quenching reaction, where 
the excited PI reacts with an inhibitor molecule like oxygen and loses reactivity. [76] 
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Similarly, there are also other mechanisms for the chain termination reaction, 
including disproportionation, in which the terminated chains differ by their degree of 
saturation, and chain transfer, wherein the terminating chain abstracts hydrogen from a 
donor molecule. [43] 

3.3. Photoscission 

The term photoscission refers to light-induced cleavage of molecule chains in a 
polymer. Most polymers are susceptible to this type of degradation, and the harmful 
effects of this phenomenon are generally preferred to be minimized. Some 
microfabrication methods, however, take advantage of photoscission. These methods 
include photolithographic patterning of positive photoresists and laser ablation. [43, 51] 

Photoscission of polymer chains produces units of smaller molecular weight. 
Scission can occur at the polymer backbone, leading to a dramatic decrease in molecular 
weight, or by non-chain scission, eliminating only small molecules from substituent 
groups. Theoretically any part of the polymer can undergo light-induced chemical 
reactions – if only the excitation energy is high enough. If the degradative effect of light 
can be focused to a small volume within the substrate, high-resolution patterns can be 
produced. The illuminated regions become more soluble compared to the parent 
polymer, and can be washed away leaving behind the unilluminated polymer regions 
with the desired pattern. [51] 

3.4. Photoinitiators 

PIs are molecules responsible for initiating the photopolymerization reaction by 
producing reactive species upon light absorption. Various types of PI molecules have 
been developed for better photopolymerization and optimal processing properties. 
Among the myriad of different molecules used for this purpose, worth mentioning are 
the ones that have been used for biomedical applications: eosin Y [70], 1-cyclohexyl 
phenyl ketone [39], 2,2-dimethoxy-2-phenylacetophenone (DMPA) [118], 2-hydroxy-1-
[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959; D2959; I2959) 
[5, 156], Irgacure 651 [5], and camphorquinone/amine [20, 29, 127]. PIs can be 
classified according to (1) the number of PI molecules needed for initiation, (2) 
polymerization type or (3) initiation mechanism. Furthermore, a PI can induce 
polymerization either directly or with the help of a photosensitizer (PS), which is a 
molecule that first absorbs light energy and then transfers it to the PI. [8] 

When selecting a PI for a photofabrication process, the absorbance characteristics of 
the molecule should be considered first. Optimally, the PI should have an absorbance 
maximum at the wavelength of the light source used in the process. Although PIs 
utilized in biological applications exist in prepolymer solutions only at low 
concentrations (0.0125–2 % w/w), there are also other selection criteria to be considered 
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carefully. These include high quantum yield and initiation rate, biocompatibility, 
solubility in water, stability and a long shelf life. [8, 76, 106] 

3.4.1. Photoinitiation mechanisms 

Differing by the mechanism involved in the formation of reactive species (photolysis), 
photoinitiation has three main classes: radical photopolymerization, hydrogen 
abstraction and cationic photopolymerization, of which the radical-induced mechanism 
is by far the most common. [8, 106] The schematic reactions of these three mechanisms 
are shown in Figure 3.3. Photoinitiators that produce radical species are usually 
aromatic carbonyl compounds like benzoin derivatives, benziketals, acetophenone 
derivatives and hydroxyalkylphenones. Under exposure to light of suitable wavelength, 
these photoinitiators form radicals by undergoing cleavage at C–C, C–Cl, C–O or C–S 
bonds. [106] 

 

Figure 3.3. Photoinitiation mechanisms. Adapted from [106]. 

The four basic steps of polymerization apply also to photopolymerization induced 
by cationic species. The difference is that instead of a radical, a carbocation (C�R) is 
formed in the initiation process. The photolysis of a cationic photoinitiator, induced by 
absorption of light energy, yields acidic species (PI+) that associate with the monomer 
and thus initiate the polymer propagation. [28, 43] Photoinititation by hydrogen 
abstraction occurs when the photoinitiator abstracts hydrogen from a H-donor molecule 
(DH) and two radicals are formed; usually only the H-donor radical (D��) is involved in 
the initiation of the polymerization process. [106] 

3.5. Photoresists 

Photoresists are polymers that undergo chemical reactions leading to changes in the 
molecular structure due exposure to light, e.g. are photosensitive or imageable. When 
microscale devices are manufactured by means of photofabrication, photoresists play a 
key role. These materials can be divided into two categories: negative- and positive-tone 
photoresists. In negative resists light exposure leads to crosslinking and solidification of 
the resin, and the unexposed material can be dissolved and washed away. On the 
contrary, exposing positive resists to an adequate amount of light energy induces 
molecule chain scission leading to dissolvable shorter units. Positive-tone resists can be 
seen as more efficient, as most hollow structures can be manufactured by removing only 
a small fraction of the total material. [109, 165] 
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Negative-tone resists can be further divided according to whether the resin is solid 
or liquid before crosslinking. The solid ones are epoxy-based cationic photoresists that 
produce acidic radicals due to light exposure, which induces the polymerization during 
a so-called post-baking process. [109, 159] Epoxy-based photoresists usually have high 
mechanical strength and high chemical resistance [76]. Liquid negative-tone 
photoresists are commonly acrylate-based, but also organically modified ceramics 
(Ormocer®s) belong to the group of negative-tone photoresists. Before irradiation, a 
photoinitiator is added to the resin solution to form radicals during light exposure. In 
this method, the polymerization reaction is induced instantly. [109] 

3.5.1. SU-8 

SU-8 is a negative-tone photoresist first developed by IBM for the LIGA technology, 
which produces metallic molds of high aspect ratio microstructures for cast molding of 
polymers, for example. The abbreviation LIGA originates from German words for 
lithography electroplating and molding (lithographie, galvanoformung, abformung), 
which are the three major steps in this lithographic microfabrication technique. A 
photoresist film is deposited on a substrate and then exposed to x-rays or UV light 
through a photomask. A photomask is a thin patterned sheet that allows light to pass 
through only in desired regions. After the irradiated regions are washed away with a 
solvent, the remaining cavities are filled with metal by electroplating. The remaining 
polymer regions are then irradiated without a photomask, and subsequently washed 
away leaving behind the metallic microstructure. [12, 134] 

 The main constituent in SU-8 is the EPON® SU-8 epoxy resin. It is an aromatic 
hydrocarbon with an epoxide group at either end. In the conventional fabrication 
process of SU-8, the resin is first dissolved in ��-butyrolacton (an organic solvent), and 
10 wt-% of a photoinitiator is added. Typically, the photoresist is spun on a silicon 
wafer as a thin layer, prebaked and then exposed to UV-light through a photomask to 
induce the crosslinking reaction by converting the resin molecules into reactive acidic 
species. The prebaking process determines the thickness of the layer, which can be 
varied from tens to hundreds of micrometers. After light exposure the structure is 
developed with a suitable solvent and post-baked to form the final crosslinks. [87, 134, 
159] 

 The development of SU-8 set the start for using photoresists as structural layers in 
MEMSs and microfluidic devices, and since the resin has been widely used as sacrificial 
material for the fabrication of microfluidic channels and in semiconductor applications. 
[134] Although complex three-dimensional structures like networks of closed 
microchannels can be fabricated with SU-8, in biomedical applications and tissue 
engineering it is principally used as a master for replica molding of biopolymers. The 
biocompatibility of SU-8 has been widely investigated and proven acceptable. [12] 
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3.6. Photosensitive biomaterials 

Besides the use as structural materials, photoresists have been employed to pattern 
substrates with biomolecules for directed cell growth. For example neural networks 
have been grown on polylysine patterns fabricated by a photolithographic “lift-off” 
process [25]. The problem with conventional photoresists such as SU-8 is the use of 
organic solvents in the development procedure. For example, microstructures fabricated 
in SU-8 have to be developed with non-biocompatible solvents like ethyl acetate or 
diacetone alcohol. The problem is that solvent residues can be toxic and lead to the 
denaturation of biomolecules, thus the process is not very biocompatible and suitable 
neither for patterning surfaces with biomolecules nor for any other biological 
application. Therefore, new photosensitive biopolymers have been developed to create 
patterned biocompatible surfaces by photolithography and other photopatterning 
techniques. [46]  

A great number of photopolymerizable formulations of both synthetic and natural 
polymers have been studied for biomedical applications. A simple way of creating new 
photosensitive materials is to modify common monomers with photosensitive groups, 
usually with dimethacrylic or diacrylic moieties. In Finland, At Aalto University School 
of Science and Technology (TKK), crosslinked polyesters have been prepared from end 
functionalized PLA and PCL precursors by the group of Prof. Seppälä [53, 54]. The 
polyester networks have exhibited degradation characteristics similar to the 
corresponding thermoplastic polyesters. In a recent study, the group utilized these novel 
photocrosslinkable oligomers in a new selective leaching method for the fabrication of 
biodegradable tissue engineering scaffolds with predetermined pore structure [127]. As 
an example, the synthesis of the PCL-based biodegradable matrix material used in the 
study is presented in Figure 3.4. The oligomer synthesis begins with ring-opening 
polymerization of �B-caprolactone with 10 mol-% pentaerythritol, yielding a four-armed 
oligomer with molar mass of a little over 1000 g/mol. The oligomer is then 
functionalized with methacrylic anhydride, yielding crosslinkable acrylic moieties at the 
ends of the PCL-units. The overall synthesis is similar to what has been previously 
described by Seppälä and co-workers [53] for the fabrication of elastomeric poly(�B-
caprolactone/D,L-lactide) copolymers. 



3. Light-induced microfabrication of polymeric materials 20 

 

Figure 3.4. Synthesis of a methacrylated four-armed PCL oligomer; the 
photocrosslinkable double bond is marked with red color. Adapted from [127]. 

Matsuda and co-workers have also developed photocurable biodegradable polymers 
based on PCL and trimethylenecarbonate (TMC) [93, 94, 100, 101], whereas Grijpma 
and co-workers have synthesized photocurable derivatives of PDLA and PCL [47, 96]. 
Furthermore, acrylated poly(ethylene glycol) (PEG) and its derivatives count among the 
most investigated photopolymer systems; ethylene glycol has also been copolymerized 
with other monomers such as lactide and caprolactone to produce biodegradable 
photopolymers [29]. Other photocurable biomaterials studied for different biomedical 
applications include derivatives of poly(vinyl alcohol) (PVA) [131], chondroitin sulfate 
[83] and hyaluronic acid (HA) [118]. 

He et al. [52] have developed  a photopatternable copolymer based on 3-(t-
butoxycarbonyl)-N-vinyl-2-pyrrolidone (TBNVP) and methyl methacrylate (MMA), 
which has been proven biocompatible in fibroblast culture experiments. The researchers 
call it a bioresist as it is a “bioactive” photoresist; the bioactivity is a result of the 
chemical nature of the polymer – hydrophilicity and ability to bind biomolecules. 
Furthermore, the problem of using toxic solvents has been overcome with this bioresist 
as no solvent-based development procedure is needed. [52] 

Groups of Diakoumakos et al. [33] and Douvas et al. [36] have also developed 
photoresists for more environmentally friendly and biocompatible photofabrication. 
Douvas and co-workers developed a bioresist based on poly(t-butyl acrylate) [36], 
which is processable in biocompatible conditions and used to pattern biomolecules on 
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different substrates for the use as biosensors. The photoresist itself is, however, used 
only as a processing material and removed at the end. The group has recently received a 
patent [119] for their photoresist synthesis and patterning technique. Diakoumakos et al. 
[33] have studied methacrylate-based photosensitive copolymers that can be developed 
in aqueous base solutions with low base concentration. The synthesized polymers were 
either negative- or positive-tone chemically amplified photoresists that were further 
functionalized to enable micropatterning with biomolecules. [33]  

Both of the research groups mentioned above use the same chemistry: because of 
the t-butoxycarbonyl (t-BOC) groups, the copolymer can be used as chemically 
amplified photoresist in the precence of a photoacid generator (PAG). The t-BOC 
groups undergo photolysis upon exposure to UV light and become carboxylic groups, 
which turns the surface of the polymer to hydrophilic. As mentioned, in the study by He 
and co-workers, no further development process is needed, but if such a procedure is 
performed, it can be done with an aqueous solution because of increased hydrophilicity. 
Furthermore, the hydrophilic surface with COOH-groups favors the adsorption of 
peptides and proteins that promote cell attachment and migration. [46] Overall, it seems 
like these kinds of “bioresists” would be good candidates for photopatterning cell 
guiding microstructures also in cell culturing devices. 
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4. COMMON PHOTOFABRICATION METHODS 

4.1. Photolithography 

Primarily, photolithography is a planar technique used extensively in microelectronics 
in the fabrication of integrated circuits and not suitable for producing three-dimensional 
biomimetic structures. In biomedical applications it is, however, still widely used to 
create molds, from which the designed microstructure is subsequently transferred to 
another material. [12, 165] Thus, it is only appropriate to shortly present this 
fundamental microfabrication method in this thesis as well. A schematic diagram of the 
key procedures is presented in Figure 4.1. 

The primary step is to create a computer-aided design (CAD) of the desired two-
dimensional pattern and then use it to fabricate a photomask. Secondly, a thin film of 
the structural material is deposited on a substrate (a plate of glass or silicon), and after 
this yet another thin layer (0.5–2.5 µm) of a photoresist is spin-coated on the top. [165] 

 
 Figure 4.1. A schematic presentation of photolithography. Note that the first step (A) is 
left out if the photoresist itself is used as the structural material. Reproduced with 
modifications from [165] . 

In the next step, the substrate is soft-baked to remove solvents from the photoresist 
and to improve adhesion. Then, the photomask is aligned relative to the substrate and 
the photoresist is exposed to UV light through the mask. Due to the light-induced 
chemical changes in the photoresist, the illuminated regions become either crosslinked 
or degraded, and a replica of the design in the photoresist is developed with a suitable 
solvent. The substrate is then hard-baked to improve adhesion of the photoresist. Now, 
the microstructured photoresist can either be used as it is, as a mold, or to further 
modify the underlying material. In the latter case, etching techniques are used to transfer 
the pattern and finally, the photoresist layer is peeled off. [165] 
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4.2. Soft lithography 

The name of this fabrication method includes the word soft because it uses elastomeric 
materials, most commonly PDMS. Other used elastomers include polyurethanes and 
polyimides. Soft lithography refers to a set of techniques that use a patterned elastomer 
as a stamp, mold or a mask to produce structures within nano- to micrometer length 
scale. These techniques were first developed by Xia and Whitesides [154] and include 
microcontact printing, replica molding, microtransfer molding, micromolding in 
capillaries, solvent-assisted micromolding, and phase-shift photolithography; also cast 
molding, embossing and injection molding also come under the term soft lithography. 

Most of the research done in the field on microfluidics has used replica molding of 
PDMS. This microfabrication technique starts with the photolithographic fabrication of 
a master mold, on top of which the prepolymer solution of PDMS is casted. One 
advantage of using PDMS is that because of the low surface tension of the PDMS 
prepolymer solution, the mold fills up thoroughly thus providing high resolution 
replicas. [95, 134, 154] 

After casting, the polymer is cured by crosslinking the solution thermally or with 
UV-light, and peeled off. Now a negative replica of the master – the original 
microchannel structure – is generated in PDMS. Soft lithography with PDMS is 
illustrated in Figure 4.2. [95, 134, 154] 

 

Figure 4.2. Rapid prototyping of PDMS using a photolithographically fabricated 
master. Adapted from [134]  and [154] .  

PDMS also has some downsides in soft lithography because of its thermal and 
chemical properties. The material shrinks about one percent upon curing, so the cured 
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structure may not be the exact replica of the design. In addition, some nonpolar organic 
solvents such as toluene and hexane can make the cured PDMS swell. Because of the 
elastomeric softness of PDMS, the aspect ratio of the microstructure design has to be 
optimal to avoid deformation or distortion. With PDMS, the aspect ratio would have to 
be between 0.2 and 2 to obtain defect-free stamps and molds, as Delamarche et al. [31] 
have shown. [31, 154] 

Replica molding of PDMS can be done in ambient conditions without the need of 
clean room facilities, and many replicas can be fabricated from a single master. Three-
dimensional microfluidic devices can be manufactured by stacking together multiple 
microstructured PDMS sheets fabricated as described above. PDMS sheets can be 
readily bonded together or to other Si-based materials by treatment with oxygen plasma, 
which oxidizes the surface to silanol (Si-OH), thus enabling the formation of a covalent 
Si-O-Si bond. Hence, it is important to notice that in the first step of soft lithography, 
the master has to be treated with fluorinated silanes to prevent bonding between the 
casted polymer and the mold. [136] 

Khademhosseini et al. [68] used PDMS in a soft lithographic technique to fabricate 
robust microchannels with precise control over the spatial properties of the substrate. In 
their study, microfluidic channels were patterned with a non-biofouling PEG-based 
copolymer or HA. These patterns were then used to fabricate arrays of fibronectin, 
bovine serum albumin or mammalian cells. According to the writers, the presented 
approach has potential use in various soft lithographic patterning techniques to design 
and fabricate more sophisticated microfluidic devices for analytical applications and 
microreactors. [68] 

4.3. UV-nanoimprint lithography 

UV-nanoimprint lithography (abbreviated as UV-NIL, also known as UV-
nanoembossing) is somewhat similar with traditional photolithography, as it uses UV-
light curing of a photoresist to create microstructures and predesigned patterns. In the 
UV-NIL method, a thin film of the photoresist prepolymer solution is coated on a 
substrate, which is then pressed against a prepatterned master. The substrate material 
has to be UV-transparent, because in the subsequent step the photoresist is exposed to 
UV-light through the substrate. Furthermore, it is supposed to be flexible to enable easy 
demolding after curing. Figure 4.3 (a) presents micropatterning with UV-NIL. [17] 
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Figure 4.3. Micropatterning using UV-nanoimprint lithography. a) Scheme of the 
patterning technique and b) SEM images of a UV-imprinted PEGda hydrogel 
microarray. Reproduced from [16] . 

UV-NIL can be done in room temperature and low pressure, which is a major 
advantage when patterning hydrogels, protein-containing polymers, or other delicate 
biomaterials. [17] Chang-Park et al. [16] fabricated three-dimensional high aspect ratio 
microarrays of PEGda hydrogel by UV embossing, shown in Figure 4.3 (b), 
demonstrating faithful replication and the possibility of incorporating proteins within 
the array. These arrays were designed to find use in many biological applications such 
as protein and drug delivery. 

4.4. Contact lithographic photopolymerization 

Contact lithographic photopolymerization (CLiPP) is a microfabrication method that 
combines traditional silicon micromachining with polymeric materials and unique 
initiation chemistry. Microdevices with highly complex three-dimensional structures 
and versatile surface and bulk properties can be fabricated using CLiPP. In 
microfluidics, the advantage of CLiPP is the possibility for parallel fabrication of 
multilayered devices. Furthermore, the method is well suited for both rapid prototyping 
and large scale fabrication. [55] 

CliPP employs living radical photopolymerization, exploiting specific initiator 
chemistries that continuously reactivate under exposure to UV light. As a result the 
propagating polymer chains are never completely terminated or deactivated. This 
phenomenon can be utilized for initiation and covalent adhesion of new polymer chains 
or films to the surfaces of previously photopolymerized films. Specifically, different 
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photopolymerizable material formulations can be incorporated within individual layers 
which are covalently adhered, and the surface chemical properties can be spatially 
modi�¿�H�G���Y�L�D��tethered polymer chains. [55] 

Simms et al. [137] reported a fabrication method for a multilayer microfluidic cell 
culture device by contact lithographic photopolymerization (CLiPP), which enabled the 
incorporation of three-dimensional cell culturing sites and the surface modification of 
the microchannels to prevent unwanted protein or cell adsorption. The device 
framework was built on a glass coverslip by photopolymerizing a mixture of two 
acrylates using the living radical polymerization method, and the microchannel structure 
was created by stacking individually polymerized layers to form a multilayer structure. 
The main advantage was that the surface of the device remains chemically reactive and 
enables covalent bonding with other polymers or functional materials to enhance the 
biological features of the device. Studied materials were hexanedioldiacrylate and 
fluorinated diacrylate (Polyfox) for the microfluidic device, and an aromatic urethane 
diacrylate and tri(ethylene glycol) diacrylate (TEGDA) for the macroporous rigid 
scaffold. Lastly, channel surfaces were modified with poly(ethlyne glycol) methacrylate 
(PEGMA). [137] 

Sebra et al. [132] also reported a study on the surface modification of a CLiPP-
fabricated microfluidic device. According to the article, the functionality of a polymeric 
microfluidic device can dramatically improved via different surface modi�¿�F�D�W�L�R�Q��
chemistries while bulk material properties are retained. The surface properties of the 
microchannels such as adhesiveness, hydrophobicity, biocompatibility, antifouling, 
surface hardness, and surface roughness can be adjusted. [132] 
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5. LASER-BASED MICROFABRICATION IN 
BIOMEDICAL APPLICATIONS 

5.1. Introduction to laser-based microfabrication 

The term laser is an acronym from “light amplification by the stimulated emission of 
radiation”. In other words, laser means a source of electromagnetic radiation at 
particular wavelengths produced by the stimulated emission of atoms or molecules. 
Stimulated emission produces photons of the same energy and phase. Thus, the laser 
beam is monochromatic and coherent, and can be brought to a fine focus. [74, 91]  

Many different types of lasers with diverse characteristics have been developed and 
widely employed in industrial production from product development to finishing. 
Although laser machining is many times more expensive than manufacturing with 
traditional tools, lasers are outstanding instruments especially for microfabrication. 
Lasers can be used as energy sources with several advantages including spectral purity, 
spatial and temporal coherence, and high peak intensity. There are multiple choices for 
selecting a laser source, with a broad wavelength spectrum varying from deep UV (157 
nm) to IR (10 µm). Also the duration of the laser exposure can be selected among a 
wide range varying from continuously generated beams to different pulse durations 
from microseconds to femtoseconds. [74, 91] 

Laser fabrication is based on the interaction between laser energy and matter. 
Photons from the laser beam are absorbed by the sample material, which induces 
chemical changes in the material such as radical-initiated polymerization or molecule 
chain scission. These light-generated phenomena only occur above a certain threshold, 
which is material-, wavelength-, and pulse-duration-dependent. Therefore, the 
wavelength of the laser has to be chosen carefully to obtain maximal absorption. [91] 

The introduction of ultrafast lasers has enabled machining of materials that normally 
are transparent to the laser wavelength, as simultaneous multi-photon absorption at high 
peak intensities can be obtained. Ultrafast lasers produce high-energy radiation 
concentrated into brief pulses at regular frequency; this can be used to focus the 
radiation into a very small volume. Consequently, microfabrication with ultrafast lasers 
offers superior resolution compared to other photofabrication methods.  [74, 91] 

5.2. Methods of laser-based microfabrication 

In general, there are two ways of microfabrication with lasers: (1) a serial mode for 
direct writing, in which a computer is used to control the tool path for the laser beam, 
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and (2) a parallel mode for batch process using a mask-imaging technique. In rapid 
prototyping and for research purposes, the serial mode is preferred as there is no 
requirement for expensive photomasks and the design can be varied arbitrarily. For 
large-scale production the batch process is a better and more efficient choice. [91] 
Moreover, lasers can be employed in microfabrication by using either a constructing or 
a destructive approach. In the former one, lasers are used to generate light-induced 
polymerization or crosslinking. In the latter case, a tightly focused beam is used to 
remove fractions of material. This processing method is called laser ablation, and will 
be discussed in Chapter 5.4. Ablative techniques are beneficial when only small 
fragments of the substrate material are to be removed. Laser ablation has been utilized 
for patterning microchannels on a microfluidic chip, for example. [91] In the 
constructive approach of laser microfabrication, solid objects or structures are 
manufactured using a laser beam; this is called laser-based solid freeform fabrication 
(SFF). SFF techniques can be divided by their two- or three-dimensionality. For 
example, stereolithography, a SFF method presented in the following chapter, produces 
inherently two-dimensional microstructures. [77, 142] 

Traditionally, the minimum feature size achievable with laser-based SFF is 
determined by the diffraction limit of the optical system used in the process. This 
limitation is due to the optical characteristics of one-photon absorption, which is the 
principal phenomenon behind conventional photofabrication methods. Usually the 
diffraction limit is in the order with the radiation wavelength. Also thermal diffusion 
limits the minimum feature size, which is, at best, a few hundreds of nanometers. 
However, with ultrafast lasers inducing multi-photon absorption, the restraint of the 
diffraction limit can be overcome and even smaller features can be fabricated.  [77, 142] 

Under appropriate conditions, basically any solid material can be laser-machined. 
Processes for various ceramics, metals and polymers have been developed and 
established. For example poly(ethylene terephtalate) (PET), polycarbonate (PC), 
PMMA, and poly(vinyl chloride) (PVC) have been used for laser-based fabrication of 
microfluidic channels. [91] For biomedical applications, laser machining processes of 
more biocompatible and biodegradable materials have been developed. Chen and co-
workers [1, 19] have extensively investigated the effects laser ablation on poly(vinyl 
alcohol) (PVA), PDLA, PGA and PCL with different types of lasers and process 
parameters. Laser machining of different biomaterials has also been studied at Tampere 
University of Technology by Huttunen and co-workers [56, 57, 58]. 

5.3. Stereolithography 

Stereolithography is a laser-based SFF technique for rapid prototyping, developed in the 
1980’s. It was first introduced for manufacturing prototypes for the needs of automotive 
and aeronautical industries. Stereolithography, illustrated in Figure 5.1, employs a UV 
laser for curing a photosensitive polymer resin; a layer-by-layer approach is used to 
fabricate freestanding three-dimensional microstructures from CAD models. [77, 142] 
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The designed structure is polymerized by moving the xyz-stage under a static laser 
beam focus. Each layer is individually cured on top of the previous one by lowering the 
stage after every layer. Another possibility is to use a movable laser beam, and only 
move the stage vertically. This process is repeated until the whole design is finished, 
and the structure is developed with a suitable solvent. Selective exposure to the UV 
light with a computer-controlled laser beam enables creating arbitrary and complex 
structures. [77, 88, 142] An example of a scaffold structure fabricated by 
stereolithography is presented in Figure 5.2. 

 

Figure 5.1. Microfabrication by stereolithography. A photocurable polymer is 
selectively exposed to UV laser light in a layer-by-layer fashion to create complex 
microstructures. Adapted from [134]. 

 

Figure 5.2. Laser-based microfabrication using stereolithography. a) Photographic, b) 
��CT visualization and c) SEM images of PDLLA scaffolds built by stereolithography. 
All scale bars represent 500 ��m. Modified from [96]. 

Stereolithography can also be done by varying the photopolymer resin during the 
process. A precise spatial distribution of proteins, other biomolecules or microparticles 
can be introduced into the structure if a prepolymer solution of different concentration is 
deposited on top of the previous layer in each step. This is a unique advantage of 
stereolithography. [88] 
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When a photosensitive hydrogel is used in stereolithography, it is possible to 
encapsulate living cells within the cured microstructure. Arcaute and co-workers [6] 
reported a stereolithographic method of fabricating poly(ethylene glycol) dimethacrylate 
(PEGdma) hydrogel microconstructs with embedded fibroblasts. Although their work 
aimed for creating functional tissue engineering scaffolds, it would also be feasible to 
use these kinds of hydrogel structures in microfluidic cell culturing. 

Despite the many advantages of stereolithography, a number of drawbacks can be 
listed. The additive one-layer-at-a-time approach for creating three-dimensional 
tructures is laborious and time-consuming. Moreover, since stereolithography is based 
on simple single-photon absorption, only shallow surfaces or adequately thin layers can 
be processed. To date, the minimum distance between two layers is 50 micrometers, 
which gives quite a poor resolution in the z-dimension. [142] Typical resolution in 
stereolithography is in the order of 150–200 µm in all three dimensions [134]. 

5.4. Laser ablation 

Laser ablation is a microfabrication method, in which the interaction between the laser 
beam photons and the sample leads to removal of material. The interaction mechanism 
is complexly dependent on the particular system and its chemical and thermal processes, 
laser characteristics and material properties. Generally speaking, the mechanism 
involves absorption of the high-energy photons at the wavelength of the laser emission 
by the sample material. This absorption induces direct bond breaking without thermal 
melting or vaporization, a phenomenon also known as photodecomposition. 
Decomposition by thermal energy is induced at longer wavelengths, and in 
microfabrication processes, any thermal damage is to be minimized in order to achieve 
better resolution and shape accuracy. [91] 

Conventionally, laser ablation has been a method for producing topographic features 
only on material surfaces due to the optical characteristics of single-photon absorption. 
Patterning is done by exposing the sample to ablative laser beam through a photomask. 
The illuminated regions become soluble and can be washed away with a suitable 
solvent. [25, 91] 

The ablation method described above has been used to pattern microfluidic channels 
on various polymer substrates such as PET and polystyrene (PS) [91]. Also 
biomolecule-coated surfaces can be micropatterned by laser ablation; Stenger et al. 
[141] studied the neuronal polarity of hippocampal neurons cultured on laser-patterned 
adhesive materials, whereas Corey et al. [26] used polylysine surfaces patterned with 
laser ablation as substrates for neuron culturing.  In addition to topographical patterning, 
laser ablation can be employed to modify the surface properties of the ablated 
substrates. [91] 
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Figure 5.3. Multi-photon laser ablation of microchannels in the bulk of a transparent 
material. Adapted from [128]. 

Laser ablation based on single-photon absorption can only be used for two-
dimensional patterning. For more complex structures, ultrafast lasers have to be 
employed. Through non-linear absorption caused by ultrashort laser pulses, 
photodecomposition can be induced even in a size scale smaller than the diffraction 
limit of the focusing optics. Moreover, the phenomenon can be stretched out into the 
bulk volume of the sample. [91] In a recent study, Sarig-Nadir et al. [128] used 
PEGylated fibrinogen hydrogels patterned with multi-photon laser ablation to guide the 
directional growth of neurites from dorsal root ganglia (DRG). Using two different 
lasers and varying process parameters, they ablated microchannels of arbitrary 
geometries within the bulk of the hydrogel, in which DRG cells were embedded. The 
cells preferred to migrate into the microchannels regardless of the channel type. 
Illustration of the method used is presented in Figure 5.3. 
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6. TWO-PHOTON POLYMERIZATION IN 
MICROFABRICATION 

6.1. Introduction to two-photon polymerization 

Two-photon polymerization (2PP) is an exciting photofabrication method, which can be 
used to create three-dimensional microstructures in a simple and fast manner from CAD 
models with a laser. Having a relatively short history in microfabrication, the 
technology has been described also with other terms such as 3D laser non-linear 
lithography [24] and two-photon microstereolithography [7]. Even though the physical 
phenomenon behind this technology was first predicted already in the 1930’s and 
experimentally confirmed thirty years later along the invention of lasers, the most 
vigorous development around 2PP has been done within the past two decades. [159] 
The novelty of the technology is highlighted by the fact that most the 2PP references 
used for this review have been written within the past ten years.  

The primary application of 2PP was in the fabrication of three-dimensional photonic 
crystals, first proposed and demonstrated by Maruo et al. [92] in 1997. To date, 
application areas of 2PP include micromechanical systems, microfluidic devices, micro-
optical components and plasmonic components. In addition to its vast success in these 
areas, 2PP has also shown great promise for biological applications including tissue 
engineering, drug delivery, medical implants and medical sensors. [7, 109, 110, 159]  

Microfabrication with 2PP offers several advantages in biomedical applications. 
Especially for the fabrication of tissue engineering scaffolds, 2PP offers state-of-the-art 
resolution, high reproducibility, and a possibility to fabricated true three-dimensional 
structures. Also implants and prostheses can be fabricated using 2PP. [110] Even though 
the best achievable resolution of 2PP is in the order of nanometers, resolution can be 
decreased to speed up the fabrication of micro- to millimeter-scale features [111].  

6.2. Basic theoretical principals 

Traditional photofabrication methods, such as photolithography and stereolithography, 
utilize the phenomenon of single-photon absorption (1PA), in which polymerization 
(1PP) is initiated by absorption of one photon of a short wavelength through linear 
absorption. The problem with 1PA is that absorption can only occur at the surface of the 
photopolymerizable resin within the first few micrometers. In 2PP, on the other hand, 
the light beam can be focused into the volume of the photosensitive material. [159] The 
difference of principle between 1PP and 2PP is illustrated in Figure 6.1. 
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Figure 6.1. The principal difference of 1PP and 2PP. Single-photon absorption, in the 
left, can only occur at the material surface. Two-photon absorption, on the right, on the 
other hand, only occurs at the focal point of the beam, and can thus be tightly focused 
into the volume of the material. Adapted from [159] . 

In general, 2PP is based on radiation-matter interaction called multiphoton 
absorption (MPA). More precisely, in the case of 2PP, the phenomenon is two-photon 
absorption (2PA), in which an atom or a molecule is excited from a lower quantum state 
to an excited state by absorption of two photons instead of just one. The energy of each 
of the photons is equal to half the energy of the gap between the ground state and the 
excited state. 2PA can occur by two different mechanisms, which are sequential 
absorption and simultaneous absorption, as illustrated in Figure 6.2. In sequential 
absorption, a real intermediate state is produced by absorption of the first photon; this 
excited state has a well-defined lifetime of 10-4–10-9 s, after which the second photon is 
absorbed. Simultaneous absorption only has a virtual intermediate state that is created 
by absorption of the first photon and characterized by lifetime of 10-15 s. Only if the 
second photon arrives within the virtual state lifetime, can it be absorbed, and thus 
higher intensities are required for this mechanism of 2PA. [76] 

 

Figure 6.2. Mechanisms of 2PA. Reproduced with modifications from [76]. 

The MPA process is optically non-linear; due to a quadratic dependence of the 
absorption rate to the laser intensity, initiation of PI molecules only occurs in the 
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confined focal volume of the beam. Furthermore, polymerization does not occur unless 
the intensity of light at the laser focus exceeds a certain threshold value for 2PA and 
subsequent photoinitiation. Polymerization is thus limited to a very small volume in the 
photosensitive prepolymer solution, which, in turn, enables the fabrication of 
microstructures with resolution well beyond the diffraction limit of the focusing optics. 
[73, 76, 109, 159]  

6.3. Microfabrication process 

MPA is commonly driven by ultrafast lasers such as the Titanium:sapphire (Ti:sapphire) 
laser, which produces pulses of a few tens of femtoseconds in duration with high 
frequency ( approx. 80MHz). High pulse intensity enables MPA, but the average power 
needed is low because the pulses are five to six orders of magnitude shorter than the 
repetition rate of the laser. Typically, the wavelength of the Ti:sapphire laser beam is 
800 nm. [73] 

 As a usual fabrication set-up, the laser beam is directed into the polymerizable resin 
through a microscope objective with high numerical aperture to create photon density 
high enough. Furthermore, if an objective lens with a high numerical aperture is used, 
resolution of less than 100 or 200 nanometers can be obtained. The microscope is 
generally applied because of the more convenient sample positioning and viewing, and 
for being able to switch objectives easily. There are two alternate systems to manipulate 
the fabrication system in three dimensions: either the sample can be placed on a 
computer-controlled stage that can be moved in three dimensions relative to the laser 
beam focus – or – scanning mirrors can be used to move the focal point relative to the 
sample. The fabrication process can be monitored in real time with a Charge-Coupled-
Device (CCD) camera and a screen using transmitted light. [73, 159] 

After polymerizing the desired pattern, the cured polymer structure is developed by 
washing away the unpolymerized regions with an appropriate solvent. The sample is 
then ready to be examined and analyzed using, for example, a scanning electron 
microscope (SEM). [159]  

6.3.1. Process characterization 

Resolution in photopolymerization is determined by the longitudinal and lateral 
dimensions of a voxel (volumetric pixel), the smallest achievable feature size. In 2PP, 
voxel is the solidified volume of the prepolymer solution at the focal spot of the laser 
beam. The intensity distribution of the laser beam is assumed to possess a Gaussian 
profile, as presented in Figure 6.3. Due to a well-defined polymerization threshold, no 
polymerization occurs if the laser pulse intensity is not high enough. On the other hand, 
intensity too high will result in laser induced damage, observed as microboiling of the 
polymer solution during processing. The area of operation for suitable laser intensities is 
found between these two threshold values. [7, 76]  
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Resolution in 2PP is not limited by the diffraction limit of the focusing optics; 
theoretically, resolution depends only on the size of the monomer molecules. However, 
additional limits arise from the precision of approaching the polymerization threshold, 
which, in turn, depends on the laser system and the photosensitive material used. To 
date, feature sizes as small as 100 nm and below have been reported with 2PP 
fabrication systems. [109, 114]  

 
Figure 6.3. Light intensity distribution of a Gaussian laser pulse and its contribution to 
voxel diameter. Reproduced with modifications from [114]. 

The theoretical voxel dimensions for a certain fabrication set-up can be calculated 
using the processing parameters and the polymerization threshold value. Different 
mathematical models have been proposed for this purpose and can be found for example 
in refs. [7], [75] and [135]. Presentation of the equations for these calculations is 
excluded from this review. However, some of the main points will shortly be discussed 
qualitatively. 

To maximize resolution in 2PP, the focusing optics should be carefully optimized. 
Especially the numerical aperture of the objective lens should be high enough; 
according to B��k [7], optical lenses with numerical aperture of 1.3 and working distance 
of 200 µm are typically used in microstereolithography set-ups. Besides the focusing 
optics, resolution in 2PP is mostly dominated by laser power (P) and exposure time 
(�¨t), which contribute to the laser dose (P·�¨t). High resolution can be achieved using 
low power and short exposure times. Furthermore, the voxel length is more sensitive to 
the power than to the exposure time. Hence, low aspect ratio voxels can be achieved by 
minimizing the laser power to the threshold level. In addition it should be noted that the 
height to diameter ratio of a voxel is mainly dependent on the NA of the microscope 
objective lens, and is independent on the applied laser dose. [7, 76] 

 The rate of polymerization in 2PP is dependent on the laser light intensity, the PI 
concentration, quantum yield and the initiation efficiency of the PI radicals. 
Additionally, any oxygen or additives can inhibit initiation leading to decreased 
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APPENDIX 1: SILANIZATION OF THE 
MICROSCOPE GLASS SLIDES 

The microscope glasses used in the polymerization experiments were prepared for use 
by treatment with a coupling agent. The chemical used was 3-(trimethoxysilyl)propyl 
methacrylate (or 3-methacryloxypropyltrimethoxysilane, MAPTMS ) from Sigma-
Aldrich (Steinheim, Germany). The silanization treatment was carried out using the 
following protocol. 

Preparation 

The following recipe is sufficient for treatment of 10 microscope glasses (75mm x 
25mm). Note, that the ethanol-MAPTMS solution is preserved for one day. All 
procedures must be done in a fume hood. 

Reagents 

MAPTMS (Sigma-Aldrich) 
Ethanol (Etax Aa) 
Acetic acid 1:10 (10 ml H2O + 1 ml acetic acid) 

Equipment 

10 pcs. microscope glass slides and a suitable container 
400 ml decanter 
300 ml measuring glass 
automatic pipette of 10–1000 µl and suitable tips 
automatic pipette of 2–20 ml and suitable tips 
watch 
magnetic stirrer and a stirring rod 
parafilm 
 

1. Wash the glass slides carefully with Deconex detergent, rinse with deionized water 
and ethanol. Place the glass slides in the container and let ethanol evaporate for 15 
minutes in a fume hood. 

2. Pipette 1 ml of MAPTMS to the decanter, in which you have measured 200 ml of 
ethanol (Etax Aa). Cover the decanter with parafilm and mix the solution with the 
magnetic stirrer for a couple of minutes. 
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