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Abstract 
Microchips, meaning microfabricated devices with dimensions in the micro and nanoscale, have 
emerged as an important new technological aspect of medical diagnostics and chemical analysis. The 
advantages of microchips are on the other hand their small dimensions, allowing the use of very low 
volume samples and analysis specifically at the biological level of interest, down to the single cell 
level and below, and on the other hand, the potential for mass production, allowing massively 
parallel analyses in array form and cheap, disposable diagnostics devices. This thesis deals with one 
of the most important technical issues of biochips, surface functionalization, which determines the 
interaction of the chips with both the ubiquitous water solvent phase, and the biomolecules of 
interest. Surface functionalization is achieved through tailoring the topography and surface 
properties, especially the wetting properties, of the chips in the micro and nanoscale. The specific 
applications studied in this thesis are capillary microfluidics for sample transport and surface assisted 
laser desorption/ionization mass spectrometry for peptide analysis. 

Capillary filling of microfluidic channels depends on both the channel geometry and the contact 
angles between the walls and the liquid. Especially in channels with large differences in the contact 
angles of the various walls, partial channel flows are possible and might be the free energy minimum 
state instead of the familiar whole channel filling mode. On open surfaces, capillary spreading is 
typically isotropic, but structuring the surface with a specific type of asymmetrical microstructures 
can render the wetting properties anisotropic. These microstructures are designed to present sharp 
and broad features, like a triangle, to different directions so the liquid gets pinned to the direction of 
the sharp features. Surface energy patterns on top of high roughness silicon nanopillar surfaces can 
be used to control the shapes of liquid droplets. The roughness of the surface amplifies the chemical 
energy pattern so that ultimately it is possible to have completely wetting and ultrahydrophobic areas 
side by side. This extreme wetting contrast allows droplets, whose shape is fully tailored in two 
dimensions, as well as more exotic fluidic phenomena such as droplet splitting based on surface 
forces. 

Silicon nanopillar surfaces can also act as high performance surface assisted laser 
desorption/ionization sample plates, either on themselves or when replicated into an inorganic-
organic hybrid polymer and coated with amorphous silicon. The two-layered hybrid sample plates 
offer the possibility for studying the ionization mechanisms by independently varying the substrate 
(volume) and surface properties. Combining the ionization activity to the wetting patterns on top of 
nanopillars allows for the fabrication of advanced ionization sample plates through the use of drying 
phenomena. The drying phenomena can be used to split the sample to aliquots, concentrate the 
sample and even separate components of the sample just by applying a droplet of the sample on a 
carefully designed geometry and letting the droplet dry. A powerful way of studying these 
phenomena is through mass spectrometric imaging, which simultaneously reveals the spatial 
distributions of all components of the sample. Depending on the conditions, both uniform and 
extremely non uniform patterns are possible. The pattern depends on, among other factors, the 
geometry of the spot, requiring surface energy patterning, and the properties of the analyte, leading to 
analyte separation during drying.   
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1. Literature Review 

1.1 Introduction 
Modern technology and the way of life owe much of their progress to the development of 
electronics, which has enabled many ubiquitous and irreplaceable technologies such as 
computers and wireless telecommunication. These rapid advances in electronics emerged from 
the invention and fabrication of the first bipolar junction transistors in 1947 by Bardeen, Brattain 
and Shockley [1], (Nobel Prize in Physics in 1956), as well as the invention of the integrated 
circuit in 1959 by Kilby [2] (Nobel Prize in Physics in 2000). Subsequent development saw the 
beginning of the ever continuing trend of higher and higher levels of miniaturization, leading to 
vastly reduced cost, size and fabrication time per component, which together enabled reasonably 
prized and physically small chips containing integrated circuits with a vast number of individual 
transistors, nowadays reaching into the billions. The drive for miniaturization also required new 
developments in microfabrication techniques, which saw the adoption of silicon as the 
semiconductor of choice, the invention of more efficient planar transistor processes and the 
steadily shrinking linewidth of optical lithography. 

In recent decades, the paradigm of improving the performance and reducing the cost through 
miniaturization has also been adopted in the fields of life sciences and chemical analysis. One of 
the ultimate goals is to develop a micro total analysis system (μTAS) [3], where a (bio)chemical 
analysis is performed on a single chip, on which all the necessary steps have been integrated. 
Such chips could dramatically reduce the cost and duration of an analysis as compared to 
conventional methods. For patient diagnoses, this could lead to a situation where individual tests 
are so cheap that making a blood test, from a droplet of blood, for tens or hundreds of the most 
common diseases could become possible as a routine part of any diagnosis, greatly improving 
the chances for arriving at the correct diagnosis rapidly. 

In addition to μTAS, life sciences have also adopted the suite of microfabrication techniques of 
microelectronics for applications such as advanced drug delivery systems and patient customized 
biomedical implants. Due to the microelectronics heritage, the most common chip material 
remains silicon, even in cases where none of the properties that originally favored the use of 
silicon in microelectronics, such as doping or oxide formation, are important. Still, in addition to 
mature processability, silicon has many favorable properties that are meaningful in life sciences, 
such as a well defined surface chemistry allowing chemical surface modification. However, there 
has also been a clear trend toward the use of polymers as chip materials, [4][5][6] as polymers 
are cheaper than silicon and simple polymeric chips can be mass produced very efficiently 
though processes such injection molding and roll to roll hot embossing. Such chips could be 
made cheap enough to be disposable, eliminating the need for cleaning the chips and the 
possibility of contamination. 
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As the majority of physical and chemical processes necessary for life happen in a liquid phase, 
the development of miniaturized devices for life sciences is intimately tied to the field of 
microfluidics. Microfluidics is a field of study that encompasses the physics of fluid behavior on 
small scales and the engineering aspects of design and fabrication of devices for controlling the 
flow of small amounts of fluids, such as blood or other samples from patients. Several key 
differences between macro and microfluidics emerge as a result of scaling: the flow profiles are 
most often laminar instead of turbulent, the diffusion times are short and capillary forces can 
dominate over body forces. These features present both unique challenges (mixing, scaling of 
pressure driven flow) and opportunities (fast diffusion, capillary flow) for scientists and 
engineers working on developing microfluidic chips. 

Currently, the level of maturity and sophistication of microfluidics and μTAS remains far from 
their older counterpart microelectronics, probably partly due to the complexity of biology as 
opposed to electronics and partly due to their younger ages as disciplines. A lot of work remains 
to be done if the wildest visions of microfluidics and μTAS are to be realized. However, in the 
meanwhile, many incremental advances are already seeping into practical use in laboratories and 
hospitals, making the research work also of practical value to the community and not just a 
strictly academic discipline. In the end, no one came even close to predicting the awesome 
success of microelectronics, and history has shown that it is in general futile to try to predict the 
course of scientific progress. Whether leading to a downright revolution or merely modest 
engineering advances, microfluidics and micro and nanotechnologies for chemical and life 
sciences will be fascinating and fruitful research topics for years to come. 
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1.2 Chemical Surface Patterning 
The fabrication of chemical surface patterns is an important topic in both microfluidics and 
μTAS for proteomics and diagnostics. The surface properties of the chip determine the 
interaction between the chip and the sample, from small metabolites, biological macromolecules, 
individual organelles and cells all the way to tissue. Adsorption and chromatographic effects as 
well as cell growth and differentiation are but a few examples of phenomena that are dependent 
on the surface properties of the chip, meaning that patterning the surface properties can lead to 
spatial control over such important phenomena. Adsorption of biomolecules to surfaces is 
typically based on either hydrophobic interaction (often the case with proteins), hydrogen 
bonding or, very generally, various forms of electrostatic interaction (for example DNA or RNA 
adsorption on positively charged surfaces). 

 In microfluidics, the surface properties determine the passive capillary fluidic properties and 
chemical surface patterns are a means for achieving the desired fluidic functions. While the ideal 
surface treatment would only set the surface properties of the system and leave the topography 
unchanged, in practice all coatings also have some thickness that alters the topography and 
usually increases the roughness. However, if the thickness of the coating is negligible compared 
to the topographical dimensions of the system, the surface treatment can often be considered as 
two dimensional. The fabrication methods for patterning chemical surface properties are a 
collection of adopted silicon microfabrication techniques (e.g. lithography), soft lithographic 
techniques (e.g. microcontact printing), spotting techniques (e.g. inkjet printing) and techniques 
specifically designed for surface patterning (e.g. delivery by microfluidic networks). The 
resulting coatings can be either organic or inorganic thin film coatings or alternatively 
biomolecular coatings, which can be used to achieve highly specific biological functions, such as 
trapping of specific antigens through antibodies. 

 

1.2.1   Self Assembled Monolayers 

Self assembled monolayers (SAM) are one the most used surface treatments in microfluidics and 
their formation and properties have been extensively studied.  A self assembled monolayer 
consists of three parts: a head group that will covalently bond with the substrate, a relatively long 
hydrophobic tail that self assembles to a dense organized structure due to van der waals 
interactions, and a functional end group that ultimately determines the type of the surface 
modification. The self organization mechanism of SAMs closely resembles the self assembly of 
the lipid bilayer of cell membranes. The two most used SAM systems are organic thiolates [7] 
and various organosilicon derivatives [8], and they can be grown either from a liquid phase or a 
gas phase [9]. The thiol end groups are most typically used with gold substrates, but a wide range 
of other metals can also be used [7], while alkylchloro, alkylamino and alkylalkoxysilanes bind 
to hydroxyl groups, most typically silanol groups, but can also bind to multiple other materials 
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such as glass and gold [8]. The film quality is highly dependent on the quality and surface state 
of the substrate, and typically sputtering, annealing and cleaning procedures are required prior to 
the deposition in order to get densely packed high quality films [9]. SAMs have several attractive 
features that have contributed to their wide use. The layers are thin and self terminating 
(monolayer), which is ideal for a surface treatment method, and the chemistry of the functional 
group can be tailored, which allows a very wide range of surface properties. The covalent 
bonding between the molecules and the substrate is very beneficial for durability of the coating. 
In addition, the fabrication process for SAMs does not require any highly specialized equipment. 

 

1.2.2   Plasma Phase Surface Treatments 

Plasma phase surface treatments are based on either plasma phase deposition (plasma 
polymerization or plasma enhanced chemical vapor deposition) or surface chemical reactions, 
such as oxidation of the sample. Hydrophobic surface chemistry can be achieved by plasma 
polymerization, which is often used in applications such as antistiction layers in micro 
electromechanical systems (MEMS) devices [10][11][12], antiadhesion for embossing [13], and 
fluidics [14][Publication II]. The fluoropolymer coatings can be polymerized from many 
different carbon and fluorine containing precursors, such as CF4 [13], CHF3 [12][Publication II], 
C4F8 [10][14], CF3CH2F [15] and C4F10 [11]. The water contact angles of plasma fluoropolymers 
are typically good (100° - 110°), but adhesion strength can be limited [10]. The conformality of 
the films varies, but from a surface modification point of view when even a thin layer is 
sufficient, successful surface modification of sidewalls and overhanging structures has been 
reported [11][12]. 

Various plasma treatments, most often oxygen but also nitrogen, argon and helium, can be used 
to turn polymer surfaces hydrophilic. Most polymers typically used in microfabrication and 
biotechnology are inherently quite hydrophobic, which can be a problem for fluidics and cell 
adhesion and can also cause excessive nonspecific protein adsorption and biofouling. The 
hydrophilic surface modification is typically based on the modification of the surface chemical 
moieties toward more oxygen containing species [16][17][18]. Poly(dimethylsiloxane) (PDMS), 
a silicone elastomer which is the most widely used polymer in μTAS, has received the most 
attention also in this context, and it is generally agreed that the plasma causes a formation of a 
thin, crystalline and hydrophilic silica layer on top of the polymer [17][18][[19][20]. However, 
this modification is not stable and a relatively rapid hydrophobic recovery in hours or days is 
universally reported. The mechanism for the hydrophobic recovery in PDMS is known to be 
cracking of the silica layer and the migration of non treated polymer chains from the bulk to the 
surface both through the cracks in the silica layer and also through the layer itself 
[17][18][19][20]. The onset of the recovery can be delayed by several methods. Vickers et al. 
[21] used solvent extraction prior to plasma treatment in order to remove loose polymer chains 
from the bulk that can migrate to the surface, and reported contact angles of 40° a full week after 
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the plasma treatment. Another method is storing the PDMS under water after the plasma 
treatment [20].  

In addition to PDMS, plasma hydrophilization and the subsequent near universal hydrophobic 
recovery has been studied for many polymers relevant for microfabrication and biotechnology. 
The literature of the topic is quite extensive, and reports can be found for plasma treatments of 
poly(methylmethacrylate) (PMMA) [22][23][24][25], poly(styrene) [26][27][28][29], 
poly(ethylene) [29][30], poly(propylene) [31][32], poly(vinyl chloride) [33], poly(lactic acid) 
[34][35], poly(carbonate) [36][32], SU-8 [16][Publication I, IV] and Ormocer [37]. While mostly 
used for polymers, oxygen plasma can be also used to oxidize silicon and turn silicon into more 
hydrophilic [38][Publication II,V]. 

 

1.2.3 Mechanical Patterning  

Mechanically removing a surface layer by cutting or scratching to expose the underlying 
substrate is a conceptually very simple way to pattern surface properties. Abbott et al. [39] 
demonstrated the removal of SAMs by cutting through the SAM with a blade. The technique was 
used to pattern wettability contrasts by first coating a gold layer with a hydrophilic SAM, cutting 
through the SAM by the blade, and then coating the exposed areas of gold by a hydrophobic 
SAM. The resulting hydrophobic lines were used to control the shapes of water droplets. The 
linewidth of their technique is determined by the thickness of the blade and the force used in 
cutting, and surprisingly good linewidths of 0.1 μm - 1 μm were obtained with a scalpel blade.  

A natural extension of the technique is to use the tip of an atomic force microscope (AFM) as the 
cutting tool for local removal of SAMs in a process called shaving. Carno et al. [40] used 
shaving to pattern gold nanoparticles, by coating a whole substrate with a methyl terminated 
SAM and shaving the SAM of by AFM from the desired areas. The nanoparticles were then 
deposited to the shaved areas either from a liquid phase or directly from the tip, simultaneously 
with the shaving. Similar approach was also demonstrated for alignment of thiolated peptide 
nanotubes, which attached only to bare gold exposed by shaving and not to the bulk of the 
substrate covered by a SAM [41]. Mechanical patterning by AFM combines small linewidths to 
a high positional accuracy. On the downside, the method is slow due to the serial nature of AFM 
and only suitable for small dimensions. Overall, mechanical patterning is most suitable for 
patterning very thin coatings, such as SAMs, as cutting through thicker coatings would be both 
harder and produce more residual material and less clean cuts. 
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1.2.4 Optical Lithography and Photochemistry 

Optical lithography is a pattern replication method where an existing pattern in a mask is copied 
to the substrate using an intermediary layer of a photosensitive chemical called a photoresist (see 
Figure 1 for an example process). The photoresist is typically spin coated onto the substrate to a 
desired thickness. Exposure of the photoresist to UV-light in a mask aligner through a 
photomask with transparent and opaque areas causes the photoresist to selectively undergo light 
induced chemical changes. These changes can then be transformed into a physical structure by 
selectively removing either the exposed (positive photoresist) or unexposed (negative 
photoresist) areas by exposing the layer to a developer solution. The power of photolithography 
comes from its combination of speed (wafer scale parallel process), reasonably small minimum 
linewidths (1 μm routinely in research facilities, much lower with high end mask aligners and 
photomasks used in integrated circuit fabrication) and high precision alignment. These factors 
make photolithography very appealing also for chemical surface patterning, but the 
incompatibility of many coatings with the photoresist solvent, developers and photoresist 
stripping solutions places limits on the coating materials. Coatings that can be patterned by 
lithography include metals and other non organic thin films. A few examples where this has been 
done strictly in a surface treatment sense include the lithographic patterning of hydrophilic, 
sputtered gold spots [42] and the patterning of a hydrophobic, plasma deposited fluoropolymer 
batch to act as a hydrophobic valve inside a microchannel through the use of a thick photoresist 
layer [14]. Patterning SAMs through photolithography has also been demonstrated [43], although 
it is not a commonly used technique [44]. Our own work has included the use of optical 
lithography with a thick photoresist to selectively remove a hydrophobic fluoropolymer and to 
oxidize the underlying silicon surface to create a surface with patterned wetting properties [II]. 

Chemical surface patterning can also be achieved directly by photochemistry, omitting the 
intermediary photoresist layer in photolithography. Unlike the case with photolithography, this 
approach requires that the final coating itself is photoactive and is polymerized, removed, or 
modified upon exposure to light. As an upside, the use of wet chemistry is eliminated (unless 
liquid phase precursors are used for photopolymerization), avoiding many of the compatibility 
issues with lithography. Photochemistry is commonly used to pattern SAMs by selectively 
removing the SAMs by photocleaving [45][46][47] and for chemical surface modifications for 
localized adsorption of biomolecules and cells [45][48]. Most applications only require two 
different types of surfaces, such as hydrophilic and hydrophobic for fluidics, or adsorbing and 
nonadsorbing for biomolecule patterning, but just as with lithography, photochemistry can be 
easily extended to more than two surface chemistries. One study [47] demonstrated controlled 
adsorption based on three different SAMs, fabricated in a single aligning step by an advanced 
photomask with areas that transmit no light, areas that transmitted light at wavelength 365 nm, 
and areas that transmitted light at both wavelengths 365 nm and 220 nm. In addition to planar 
surfaces, photochemistry can be used for chemical surface patterning of microchannels (or other 
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structures) that are either open or covered by a transparent lid. This feature has been utilized in 
microchannels with patterned surface properties for both fluidics [46] and adsorption [49].  

 

 

Figure 1. Surface chemistry patterning by positive resist lithography and etching. a) The whole 
substrate is coated with the coating layer and a photoresist layer, and exposed through a 
photomask. b) The exposed areas of the photoresist are developed away and the coating layer is 
etched away from the etched areas, leaving behind the desired surface pattern after photoresist 
removal. 

1.2.5 Direct Writing Techniques 

A chemical surface pattern can be directly written onto a substrate by an energetic beam that 
either deposits a new coating, modifies the existing surface, or erases a coating layer. Energetic 
beams can also be used for lithography, but in this section we are only concentrating on cases 
where the patterning is done without an intermediate resist layer. Suni et al. [50] used an electric 
discharge from the tip of a needle to erase hydrophobic trichlorosilane SAMs attached to an 
oxidized silicon surface. The minimum linewidth achieved by their system was 50 μm, but the 
writing speeds were good, some millimeters per second, enabling the method to be used for 
fabricating microfluidic devices based on capillary filling. Erasing SAM:s has also been reported 
based on other direct writing techniques, such as electron and ion beams [51][52]. Due to their 
inherently small thickness, SAMs have been considered as possible replacements for 
conventional photoresist in electron beam lithography, and resolutions as low as 5 nm have been 
reported [52].  

Laser writing is a versatile surface modification method suitable for surface modification and 
layer removal. In addition to SAMs [53], laser fragmentation and subsequent removal of peptides 
has been demonstrated by Bhagawati et al. [54], who used a laser to remove capping peptides 
from chemical moieties that were subsequently used to bind proteins. Lasers can also be used to 
modify the surface properties of polymers, and different types of surface properties can be 
achieved by laser exposure in different gas (theoretically, also liquid) atmospheres. Srinivasan et 
al. [55] utilized different types of far UV lasers for modifying polymer surfaces, and found that 
long but low intensity irradiation at 185 nm was optimal for surface modification, keeping the 
ablation of the polymer to a minimum, while a higher intensity 193 nm laser mostly etched the 

a) b)
Photomask

Substrate
Coating Photoresist

UV-light
Photomask

Substrate
Coating Photoresist
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polymers. The far UV lasers were reported to have penetration lengths of only about 300 nm, so 
only the surface of the polymer is modified, unless etching takes place. Niino et al. [56] modified 
fluoropolymer surface to hydrophilic by a laser catalyzed chemical reaction with hydrazine. 
They reported that the contact angle of the modified surface was lowered to 30° from the initial 
130°, but the long term stability of the modification was not studied. 

 

1.2.6 Liquid Phase Spotting 

A widely used method for creating spots of one type of surface on a background of another is to 
spot droplets containing surface modifying agents on the surface. A big advantage of all liquid 
phase spotting techniques is their suitability for patterning fragile reagents, such as biomolecules 
(antibodies, DNA). Robotic spotting using either contact or inkjet printing is one of the standard 
fabrication processes for making DNA microarrays [57][58] and protein microarrays [59][60]. In 
addition, inkjet printing has been used to pattern biomolecules as well as conductive polymers 
[61] and even viable cells [62]. The smallest resolution achievable by inkjet printing is in the 20 
μm - 50 μm range due to the droplets spreading on the surface and also stochastic effects in the 
flight paths of the droplets [61]. 

Microcontact printing (Figure 2) is a technique where an ink is transferred on a substrate through 
the use of an elastomeric stamp. On contact with the substrate, the ink is only transferred to those 
areas of substrate that come into physical contact with the structured stamp. From surface 
modification point of view, the physical topography of the stamp is thus replicated on the 
substrate as a chemical surface treatment. By far the most common stamp material is PDMS 
[63], but other materials such as agarose have also been employed [64]. It is highly beneficial 
that the stamp (or in theory, the substrate) is elastomeric, since otherwise the stamp and the 
substrate would have to be prohibitively flat and smooth in order to achieve sufficiently uniform 
contact between the stamp and the substrate. The resolution achievable by microcontact printing 
has been reported to be from 200 nm upward, but in routine work, dimensions are typically 1 μm 
and up [63]. The higher resolution compared to ink jet printing comes from both the fact that 
there is no variation caused by the flight paths of the droplets, and the transferred amount of 
liquid, per unit area, is less, so capillary spreading is less of a problem. Xia and Whitesides [65] 
also reported a trick based on reactive spreading of the stamped ink under water to produce 
patterns with features smaller than those in the stamp. Lines of 100 nm - 500 nm were fabricated 
using a stamp with 2 μm minimum features.  
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Figure 2. Surface chemistry patterning using microcontact printing. a) Inking the stamp with the 
desired surface active molecules (e.g. antibodies)  b) Printing the ink on a substrate to obtain the 
desired pattern. 

 

Microcontact printing was originally developed for patterning SAMs [63], but it has also been 
widely used to pattern proteins [66], DNA [67], and chemical treatments [64]. Unlike 
microfluidics based patterning methods (sections 1.2.7, 1.3.3), the possible shapes of the features 
are relatively constraint free. However, due to the elastomeric nature of the stamps, several 
failure mechanisms are observed for stamp structures with too high or too low aspect ratios [68]. 
Patterning more than a single type of surface treatment on the same substrate is in principle easy, 
and only requires the alignment of the stamp to the existing structures. However, in practice this 
alignment is often tricky, at least partly because of a lack of dedicated tools for the aligning and 
the fact that many of the surface treatments are difficult to see.  Also, when PDMS stamps are 
used, the elasticity and high thermal expansion of the stamp can cause distortions to the patterns 
in the wafer scale, making large scale alignment problematic.  

Many alternative approaches to aligning have been developed: Lange et al. [67] used robotic 
spotting to spot different DNA probes to different areas of the stamp. In this method, the only 
advantage compared to spotting the DNA probes directly on the substrate was the resulting 
higher quality of the microcontact printed arrays. Bernard et al. [66] utilized a completely planar 
PDMS stamp that had been inked using a microfluidic network (see sections 1.2.7 and 1.3.3) to 
simultaneously stamp an array of lines consisting of 16 different proteins, and Chalmeau et al. 
[69] used a two level stamp to fabricated self aligned patterns of two different surface treatments.  

Dip pen lithography [70] is a liquid phase spotting technique where an inked AFM tip is dragged 
along a substrate, and the liquid meniscus forming between the tip and the substrate transfers 
molecules from the tip to the substrate through diffusion. The resolution of dip pen lithography is 
very high, ≈ 30 nm, but the write areas are relatively small as only a single AFM tip is used. Dip 
pen lithography has been used for both SAMs [70] and proteins [71]. A development of dip pen 
lithography for larger write areas is called polymer pen lithography, which uses an array of 
PDMS tips connected to a piezo stage [72]. With this setup, an improved writing speed capable 

PDMS stamp

Ink molecules in solvent

PDMS stamp

Substrate

a) b)
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of writing a 100 μm times 100 μm square in less than 200 seconds with a resolution of 100 nm 
was reported.  

 

1.2.7 Microfluidic Delivery 

Microfluidics can be used to deliver liquid phase (in theory, also gas phase) surface modifying 
agents selectively to desired locations. One approach is to use capillary flow in combination with 
detachable microfluidic networks, pioneered by the groups of Delamarche (for surface 
functionalization) [73] and Whitesides (for polymer microfabrication) [74] (Figure 3). This 
approach is reviewed in more detail in section 1.3.3. 

Biancardo et al. [75] presented a fabrication method where the fabrication of polymer 
microstructures by injection molding was combined with a surface patterning step. In their 
approach, various proteins were prepatterned onto the mold using microcontact printing, and as 
the mold filled during the injection molding process, the proteins adhered to the polymer 
structures. Interestingly, while the temperatures of the polymer melts used for injection molding 
were over 200°C, which should cause rapid denaturation of many proteins, the thermal 
mechanics of the hot melt and cold mold cause such rapid cooling at the critical surface layer 
that the patterned proteins retained their conformations and activities.  

Another approach exploits the laminar nature of liquid flow in microchannels by guiding the 
flow of a surface modifying stream to only some areas of a microchannel by using non reactive 
sheath flows. This approach was used to create a hydrophilic/hydrophobic pattern inside a 
microchannel through selective liquid phase deposition of a hydrophobic SAM [46], and the 
resulting channels were used to study pressure driven microfluidic flow constrained by virtual 
walls made of air, stabilized by the hydrophobic parts of the channel. In another study [76], 
different proteins were selectively immobilized to a microchannel, and the resulting protein 
pattern was used to guide the growth of cells. The major strength of both microfluidic surface 
patterning methods is their compatibility with fragile reagents, especially biomolecules. 
However, both methods are limited to continuous patterns, as the flow itself needs to be 
continuous, unless multi level microfluidic networks are used. The laminar flow patterning 
method can, and indeed must, be used for patterning the surface properties inside closed 
microchannels, which is otherwise typically more challenging than patterning planar areas. 
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Figure 3. Surface modification using a detachable microfluidic channel network. a) The 
channels are sealed against the substrate and filled with a solvent containing surface modifying 
agents (e.g. antibodies). b)  The channel network is peeled off, leaving behind the desired pattern 
(e.g. an antibody array). 
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1.3 Wetting, Capillarity and Surface Fluidics 
The spontaneous spreading of liquids on solid surfaces and the behavior of liquids in confined 
spaces are described by a concept called wetting. Many instances of curious wetting phenomena 
are found in nature; water droplets roll off lotus leaves, taking contaminants with them, water 
striders handily skate on water and beetles in the dry Namib desert collect tiny water droplets 
from the morning fog and combine them into larger, drinkable, droplets. Wetting phenomena are 
also important in many industrial applications such as antifogging windows and the spreading of 
paints and photoresists. Wetting in confined spaces of small dimensions is often called 
capillarity, after the historically important experiments of capillary rise in small glass capillaries. 
Spontaneous movement of liquids in small dimensions clearly falls within the purview of 
microfluidics, and capillarity is a viable way of handling all the liquid operations on a 
microfluidic chip. Capillary fluidics is fully passive in nature requiring no external power 
sources, making it especially promising for use in low cost diagnostics and portable devices. 
Wetting properties are also perhaps the most important surface properties for the interaction 
between the surfaces and (bio)chemical analytes, biological macromolecules, cells and implants, 
making wetting properties doubly important for biomedical lab-on-chips. 

 

1.3.1 Contact Angle and Capillary Rise 

The history of scientific and natural philosophical inquiry into wetting phenomena reaches back 
millennia. Aristotle (4th century BC) made the observation that a gold leaf can float on top of 
water, and Galileo (in 1612) extended the observation by noticing that even if a flat solid is 
denser than water, it can still float in a configuration where the entire body is immersed in water, 
with only the top surface remaining dry [77]. In modern perspective, the floating gold leaf can be 
explained in terms of surface energy, also called surface tension, which means the excess free 
energy of a surface compared to the bulk. Microscopically, surface energy results from the 
different arrangement of molecules, and different types and amounts of chemical bonds on the 
surface compared to the bulk. Nowadays, wetting phenomena are mostly discussed in terms of 
thermodynamics, but this paradigm only became dominant after the development of 
thermodynamics in the 19th century by Carnot, Gibbs, Helmholtz and others, and was thus not 
available for Aristotle, Galileo or Young. In this spirit, sections 1.3.1 - 1.3.3 of this thesis work 
are focused on the question of surface energy minimization in absence of gravity and 
evaporation. 

In addition to surface energies, wetting phenomena are often discussed in terms of a parameter 
called contact angle. The British polymath Thomas Young was the first to make the observation 
that, in an air atmosphere, there exists a unique angle of contact (Figure 4a) for each pair of solid 
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and liquid [78]. He described, in terms of adhesive and cohesive forces between particles, the 
famous Young's equation, which in modern notation can be written as: 

     
lv

slsv

γ
γγθ −

=cos ,     (1) 

where θ is the contact angle and γlv, γsv and γsl are the surface energies of liquid-vapor, solid-
vapor and solid-liquid interfaces. Strictly speaking, the contact angle is always a property of a 
liquid-fluid-solid three phase system, and it would have also been possible to write the equation 
in terms of a liquid-liquid-solid system, instead of liquid-vapor-solid system. Young's equation 
reveals that, in addition to being a geometrical parameter, the cosine of the contact angle is 
actually a meaningful physical parameter, describing the ratio of free energy gain (or loss), per 
unit area, of a liquid wetting a surface and the surface tension of the liquid. Because of this, the 
spreading of liquid on surfaces with contact angles less than 90° is thermodynamically favorable 
(γsv - γsl > 0) and the surfaces are called wetting. Likewise, the spreading of liquids on surfaces 
exhibiting contact angles greater than 90° is thermodynamically unfavorable (γsv - γsl < 0) and 
the surface is called non wetting. In the limiting case that γsv = γlv + γsl [79], the liquid spreads as 
a thin film to cover the entire surface and the surface is called completely wetting. For water and 
oils, the terms hydrophilic, oleophilic, hydrophobic and oleophobic are used to describe wetting 
and non wetting surfaces respectively. 

Capillary rise (or capillary depression) (Figure 4b) is a historically important experimental set up 
used to study wetting phenomena. In capillary rise, a narrow capillary is brought into contact 
with a liquid reservoir and the liquid either rises or depresses inside the capillary compared to the 
reservoir, depending on whether the surface of the capillary is wetting or non wetting. Capillary 
rise can be understood as the result from the minimization of the total free energy, so that the 
surface energy changes of wetting are balanced against gravitational potential energy. Another 
way to look at the situation is to think in terms of pressures, so that the hydrostatic pressure of 
the water column is balanced by the Laplace pressure, which is a pressure differential that exists 
across all curved liquid surfaces and is described by the Young-Laplace equation: 

     HP lvLaplace γ2=  ,     (2) 

where H is the mean curvature of the liquid meniscus. These two viewpoints into capillary rise 
are equivalent, and in both cases, the only material parameter of the capillary that is relevant is 
the contact angle. In the energy view, the contact angle, in combination with the surface tension 
of the liquid, determines the energy gain per unit length, and in the pressure view, the contact 
angle determines the curvature of the meniscus inside the capillary, which in turn determines the 
Laplace pressure in combination with the surface tension of the liquid. 

On real surfaces, multiple equilibrium contact angles can be observed depending on how the 
measurement is made [79]. If the liquid meniscus is in the process of wetting the surface during 
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or immediately prior to the measurement, an advancing contact angle θadv is recorded, and if the 
meniscus is dewetting the solid, the measurement gives a different, receding contact angle θrec. 
Equilibrium, advancing and static contact angles obey the relationship θrec < θ < θadv, and the 
value θadv - θrec is called contact angle hysteresis. Contact angle hysteresis poses a problem for 
equating any contact angle with the thermodynamical contact angle given by Young's equation 
(1) [80]. The hysteresis phenomenon also means that receding and advancing contact angles are 
better material parameters than static contact angles, since they are more reproducible [81]. 
However, in many cases, different methods used to measure advancing and receding contact 
angles can also give differing values [82], making the exact determination of contact angles, 
especially for the purposes of thermodynamical calculations, difficult.  

Several different causes for contact angle hysteresis have been identified [79]. In the simplest 
case, solutes can adsorb to the surface, or adsorbates can be released from the surface, so that the 
advancing and receding menisci are actually not interacting with the same chemical surface. The 
more fundamental reason for hysteresis is related to the non-ideal physical topography and 
chemical composition of the surface, and the interaction of the three phase contact line with its 
microscopic landscape. On chemically heterogeneous surfaces, patches that are more wetting 
than rest of the surface impede the receding contact line, while less wetting patches impede the 
advancing contact line [83]. Similar effect exists on rough surfaces, since the thermodynamical 
contact angle is with respect to the microscopic geometry at the contact line, meaning that 
different types of structures can impede both advancing and receding contact lines [81][84]. The 
ultimate cause of hysteresis in these cases is that neither the chemical nor the topographical 
pinning effect are symmetrical with respect to advancing and receding menisci, as the pinning 
sites themselves can be different. 

In addition to surface tension, there exists also a concept called line tension, which means the 
excess free energy of the three phase contact line compared to the bulk. The magnitude of line 
tension is of the order 10-11 J/m, which means that line tension effects only become significant 
once the droplet scale becomes of the order 1 nm [85]. For this reason, wetting effects are 
currently discussed mostly in terms of surface tension and line tension is ignored. While all the 
droplets that are studied are clearly larger than 1 nm in size, as a "droplet" of that size would 
only contain a few water molecules, it remains a possibility that on surfaces with structures in the 
order of 1 nm, some phenomena dependent on the line tension will emerge.  



 

Figure 
Wenzel 

 

1.3.2 

The ori
Roughn
angle in
discuss 
adhesio
projecti
penetrat
Figure 4
angle ca

 

Equatio
contact 
hydroph
with inh
not sati
the appr
[87], wh

4. a) Classi
state, d) Dr

Wetting o

iginal treatm
ness of the 
n complex w
the phenom

on of liquid
ion "flat" s
tes the who
4c). The co
an be writte

  

on 3 shows 
angle so 

hilic or hyd
herenly hyd
sfied, as air
roach devel
hich can be 

ical wetting
roplet in the

of Rough a

ment of con
surface cau
ways, the e
menon and 
ds to solids
surface are
ole rough s
onnection be
en as: 

that, in W
that rough,
drophobic t
drophobic m
r pockets ar
loped by Ca
 written as: 

g and Young
e Cassie sta

and Patter

ntact angle 
uses hystere
exact nature

he suggest
s by a fact
ea [86]. Th
surface und
etween the 

 cos

Wenzel's pict
, inherently
han their fl

materials, th
re left behin
assie and Ba

24 

g's contact a
ate. 

rned Surfa

by Young 
sis, but it a

e of which i
ted that the
tor r, denot
his approac
der the drop

Wenzel app

θθ coss rW =

ture, the eff
y hydrophil
lat counterp
he assumpti
nd (Figure 4
axter for ch

angle, b) Ca

aces 

assumed th
also affects 
is still unde
 effect of t
ting the rat

ch contains
plet and doe
parent cont

θ . 

ffect of roug
lic or hydr
parts respec
ion that the
4d). In these
hemically in

apillary rise

hat the surf
the apparen

er debate. W
he roughne
tio of actu
 the assum
es not leav
tact angle θW

ghness is to
ophobic su

ctively. In m
e entire roug
e cases, it is
nhomogeneo

e, c) Drople

face is idea
nt macrosco
Wenzel was
ess was to e
al surface 

mption that
e any air p
W and Youn

  

o enhance t
urfaces are 
many cases
ghness is p
s more prop
ous compos

 

t in the 

ally smooth
opic contact
s the first to
enhance the
area to the

t the liquid
pockets (see
ng's contact

(3) 

the inherent
even more

s, especially
enetrated is

per to utilize
site surfaces

. 
t 
o 
e 
e 
d 
e 
t 

t 
e 
y 
s 
e 
s 



25 
 

    2211 coscoscos θθθ ffC += ,     (4) 

where θC is the Cassie apparent contact angle, f1 and f2 are the area fractions of surface types 1 
and 2 respectively, and θ1 and θ2 are the corresponding Young's contact angles. In the case of a 
composite surface consisting of air and hydrophobic solid, the air fraction can be considered as a 
material with contact angle 180° for the purposes Eq. (4), since this gives the correct 
thermodynamics, and emerges from Young's equation (1) by setting γsl= γlv and γsv = γvv = 0. 

Based on these two approaches, both surfaces with enhanced wetting [88][89][90] [II, IV, V] and 
superhydrophobic surfaces with decreased wetting [91][92][93] [II, V] have been created by 
combining structured or rough surfaces to a proper surface chemistry. Surfaces with enhanced 
wetting are always in the Wenzel state, but superhydrophobic surfaces can be in either the 
Wenzel or the Cassie state, as both states can increase the contact angle on inherently 
hydrophobic materials [94]. Both states can also be (meta)stable on the same surface, and the 
exact geometry of the surface determines which state is the global energy minimum as well as 
the transition energies between the states [95][96]. One of the most important applications for 
superhydrophobic surfaces is water repellent self cleaning surfaces [94] [97] [98] [99][100]. The 
self cleaning effect is based on the droplets rolling off surfaces [101], instead of sliding, 
collecting contaminating particles with them. Droplets which roll off the surface even at low 
inclination angles can be achieved for droplets in the Cassie state [92][102], because the contact 
angle hysteresis for droplets in this state tends to be very small, as the air part of the composite 
surface does not contribute toward hysteresis. Water repellent surfaces found in nature have been 
a big inspiration for researchers in this field, and biomimetic replicas [103] have been made out 
self cleaning Lotus leaves [97], water walking water strider legs [104], and the water collecting 
apparatuses of Namib desert beetles [105]. Another field of applications for water repellent 
surfaces is droplet based digital microfluidics [106], where microfluidic operations are achieved 
by moving, splitting and combining droplets on either open surfaces or closed systems.  

Surfaces that resist wetting by oils have also been fabricated [107][108][109][110]. Here, like 
with superhydrophobicity, the oil droplets rest on a Cassie like composite surface consisting 
partly of air, but achieving this state with oils is tricky. The problem is that surface chemistries 
with low enough surface energies to exhibit oleophobic contact angles on flat surfaces barely 
exist theoretically [107], and none have been demonstrated in practice. Instead, a trick related to 
a re-entrant curvature is utilized [108], which forces energetically unfavourable expansion of the 
liquid meniscus upon trying to penetrate the topography of the surface. This effect is very closely 
related to geometrical valves utilized in capillary fluidics, explained in more detail in section 
1.3.3. 

While the theories of Wenzel and Cassie have been highly useful in practice, recently a debate 
has risen over the correctness of their theoretical underpinning [111][112][113][114][115]. The 
essence of the debate, mirroring commentary already presented in Wenzel's and Cassie's time by 
Pease [116], is whether the use of area based roughness factor in Wenzel's formulation and area 
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based fractions in Cassie's formulation should be replaced by parameters that only depend on the 
three phase contact line and not the whole contact area. This argument was made, and 
experimentally supported, by Extrand [111], who studied to contact angles of droplets on 
chemically patterned flat surfaces, and Gao and McCarthy [112], who studied contact angles on 
topographically patterned surfaces. In both experiments, a single, relatively small area was 
patterned either chemically or topographically, and a larger droplet was deposited on top of the 
patterned area so that it wholly engulfed it and came into contact only with the surrounding area. 
The results were that in these cases, the contact angle was identical with the contact angle of the 
surrounding area, and the engulfed pattern had no effect. Counterarguments have been made that 
Cassie actually meant that local area fractions at the contact line should be used [114] and that 
the formulae were never intended to be used for droplets that are of the same size as the surface 
patterns, and instead give the thermodynamically most stable contact angle in the limit of 
homogeneous and infinitely small wavelength surface patterns [113]. While some of the debate 
seems more concerned with semantics than science, it is nevertheless an important point that 
even in the limit of small patterns compared to the droplet, it is not only the area fractions at the 
contact line, but also the specific geometry of the pattern that affects the wetting behavior of a 
surface [115]. 

Inherently hydrophilic surfaces with micro and nanostructures exhibit enhanced wetting, but 
these cases are often poorly dealt with by simply calculating the Wenzel contact angle. The 
complication is that there are actually two different but interrelated phenomena related to the 
spreading of the droplet. First, there is wetting in the classical sense, meaning the spreading of 
the entire droplet until an equilibrium contact angle is achieved. Second, there is capillary filling 
of the various pores, channels and other topographical features of the surface, sometimes referred 
to as hemi-wicking, in which case the droplet only acts as a reservoir and the droplet edge does 
not move with the hemi-wicking front. These phenomena are actually interrelated: in cases with 
hemi-wicking, it appears proper to consider classical wetting of a composite surface comprising 
partly of the liquid itself (hemi-wicked part) and partly of the solid material [117][118][119], 
since this is the surface that the droplet itself interacts with at its three phase contact line.  

In general, it is not totally clear at the moment how to deal with the hemi-wicking case. It was 
argued that the condition for hemi-wicking can be calculated simply from the free energy change 
of filling the micro cavities [119][120]. Although this definitely gives the correct global energy 
minimum, it is not clear if that minimum will actually be reached. Experiments, where 
hemiwicking has been studied by microscopy on micropillar structured surfaces [89][90][IV], 
have revealed that the process is based on the liquid meniscus leaning on the sidewalls of the 
micropillars. If these menisci can reach the next row of pillars, then hemi-wicking will take 
place, but if the meniscus distance, determined by the contact angle of the bottom and the height 
of the micropillars, is not sufficient, hemi-wicking does not take place. This approach has 
allowed both tailored polygonally spreading droplets [89][90], as well as directional wetting 
determined by the shapes of the micropillars [121][IV]. In these cases, the condition for hemi-
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wicking would appear to be more related to the energy barriers of moving from one row of 
pillars to the next. 

Patterning hydrophilic and hydrophobic areas on the same surface makes it possible to create non 
circular droplets [39] [II]. Some of the more studied geometries include hydrophilic and 
hydrophobic lines [122] and ring shaped hydrophilic domains [123] [II]. Our own work on this 
field has included the fabrication and characterization of surfaces with patterned extreme wetting 
contrasts [II], allowing very high edge definition of arbitrarily shaped droplets, and the 
utilization of specific, lithographically defined hydrophilic patterns for dried droplet applications 
[V]. 

 

1.3.3 Capillary Filling of Microfluidic Channels 

Capillary filling of microfluidic channels differs from the classical capillary rise in two distinct 
ways. First, the orientation of microfluidic channels is often horizontal instead of vertical, 
meaning that the energy balance between gravitational potential energy and surface energy is 
never reached, so that in the first approximation, the entire hydrophilic microfluidic channel will 
be filled by liquid. In practice, this is actually not a very important distinction, since due to the 
small dimensions and small Bond numbers, most capillarity driven microfluidic systems would 
function just as well in a vertical orientation. Second, the geometries and materials of typical 
microfluidic channels are usually not simple cylinders consisting of a single material. Instead, 
the basic cross section of most microfluidic channels are rectangular, isosceles trapezoidal or 
semicircular, the channel network architecture can be complex, and channels consisting of two or 
more surface materials are not uncommon. These additional features make capillary filling of 
microfluidic channels a rich topic, and allow for advanced fluidic operations such as flow rate 
control, valving and unidirectional channels. 

The surface energy of a microchannel with non-circular cross section is highly concentrated to 
the corners of the channel, which can lead to precursor flows in the corners 
[124][125][126][127][I]. Results obtained from studying capillary filling of open air V-shaped 
wedges [128] indicate that, for 90° corners, independent flow in the corners is possible when θ < 
45°. While this does not mean that all such cases result in significant corner flows, as the kinetics 
of the whole channel filling can be faster than corner filling, in practice, corner flow is a 
common phenomenon in capillary systems operating at low contact angles. Kim and Whitesides 
[124] studied experimentally the flow profile in rectangular cross sectioned microchannels of 
various contact angles. In their experimental set up, detachable PDMS channels were placed on a 
SAM covered substrate, filled with a liquid prepolymer, and subsequently hardened and analyzed 
by scanning electron microscopy (SEM) and AFM. Their main result was that hydrophobic 
SAM:s, -CF2CF3 θadv = 74° and -CH3 θadv = 61°, did not support precursor flow, while multiple 
different hydrophilic SAM:s with θadv  ≤ 32°, did support it. It should be noted that in their 
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experiment, the contact angle of the SAM was only one of the walls of the corner, while the 
other wall was always PDMS, exhibiting θadv = 58° with the liquid prepolymer. 

The free energy gain per unit length, and the capillary pressure, of a rectangular cross sectioned 
microchannel consisting of walls with different contact angles, is typically derived by summing 
the surface energy contributions of the different walls over the perimeter of the channel 
[14][74][129][130][120]. Thus derived, the capillary pressure in a rectangular channel with 
different contact angles at the bottom wall (θb), side walls (θs) and the top wall (θt) becomes: 

    ⎟
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where h and w are the height and the width of the microchannel. There is, however, a potential 
problem in this approach. The averaging approach is dependent on the free energy change per 
unit step, when the liquid meniscus which spans the entire channel advances one unit step 
forward. If the surface energy change is favourable, the channels are predicted to fill, and vice 
versa. However, considering the previous discussion on potential precursor flows in the corners, 
this approach misses the possibility that, while the liquid meniscus advancing a unit step might 
be favourable compared to the meniscus not moving at all, it might be unfavourable compared to 
the liquid advancing in only some subsections, typically corners, of the channel. In these cases, 
even though the channel has, on average, enough surface energy to fill spontaneously, the 
surface energy is so concentrated to some subsections of the channel that those subsections can 
fill independently, leaving the rest of the channel without enough surface energy to fill 
spontaneously. In practice, this scenario does not occur very often with closed channels, although 
it certainly remains a possibility. On the other hand, in the case of lidless open channels, it is 
easily possible that the most energetically favourable combination is filled bottom corners with 
the rest of the channel empty. The filling condition for the entire lidless open channel has been 
derived by the averaging approach [120] as: 
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and by our own work [I], taking the possibility of corner filling into account, as: 
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We also performed capillary filling experiment with lidless SU-8 channels to test between the 
two, and found the experimental results to support the condition given by Eq. (7) [I]. 

In applications, lidless, capillary filling, open channels have been used in a glucose sensor [131] 
and 40 nm wide 60 nm deep open channels were used to manipulate and arrange DNA molecules 
[132]. Our own work has included the use of micropillar filled open channels as capillary filling 
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electrospray tips [133]. Another type of open capillary filling system is comprised of only two 
parallel walls at a separation. One example is fluid flow between two parallel hydrophobic 
plates, where a hydrophilic track was patterned on one of the plates [134], and the dimensions of 
the channel were set by the width of the hydrophilic track and the separation. Another example is 
capillary filling SU-8 electrospray tips, where the dimensions were set by the thickness of the 
SU-8 layer and the separation [135]. 

Sections of microchannels, where the cross sectional area increases, present a hinderance to 
capillary flow because the meniscus of the filling front has to also expand, leading to more 
liquid-vapor surface. This effect, called geometrical valving , can completely stop the liquid flow 
and create a pressure barrier that must be overcome by external pressure before the flow can 
proceed [136]. Even if external pressure sources are not used, geometrical valving is still highly 
useful, as it allows for many advanced fluidic operations by tailoring the geometry [137]. A 
trigger valve consists of two (or more) geometrical valves arranged so, that if a single liquid 
meniscus arrives at the valve, it is stopped, but when a meniscus is present at both valves, 
capillary flow proceeds forward [138]. Such a component is useful for performing reactions in 
capillary systems, where two or more reagents need to be combined. A delay valve, or a timing 
valve, consists of a capillary valve and an auxiliary loop, that returns to the valve spot and shorts 
the valve after the auxiliary loop is filled [137][139]. Such components can be used to set a time 
for a chemical reaction, without increasing the flow resistance after the delay time has passed. A 
downside of most geometrical valves is that they do not operate well at low contact angles, 
which would otherwise be beneficial for capillary fluidics, since flow in the corners allows the 
liquid to bypass the valve [140][141]. This problem could be overcome by fabricating geometries 
which do not have sharp, or any, corners connecting to the valving site, but this approach 
presents additional challenges on the fabrication side. 

In addition to valving, the geometry of the capillary system can also be used to control the flow 
rate of the system [142], since both the capillary pressure (Eq. 5) and the flow resistance depend 
on the geometry. The group of Delamarche has pioneered the use of capillary systems for 
immunoassays [143][144] and chemical surface patterning [129][73]. A simple capillary driven 
immunoassay works by first immobilizing an array of antibodies on a substrate through the use 
of one capillary system, and then introducing the samples on to the surface immoblized 
antibodies through the use of another capillary system. The capillary system consists of a 
microfluidic network, which takes care of all the fluidic operations, and a detachable substrate, 
on the surface of which the desired reactions take place and which is later detached for analysis. 
Their preferred materials are DRIE etched silicon for the microfluidic network, chosen for high 
quality processing, and a planar piece of PDMS for the substrate, which was chosen for its ability 
to adsorb biomolecules and for its sealing properties. Other material options include a PDMS 
fluidic network and a rigid substrate, or a rigid network with a rigid substrate, but in the latter 
case, hydrophobic sealing is necessary [145]. The surfaces of their microfluidic networks are 
typically coated with polyethylene glycol (PEG) (thiolated PEG on gold), which makes the 
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networks themselves resistant towards protein adsorption and sets the contact angle of the 
systems at a stable 40° [146]. It is noteworthy that a contact angle of 40° is also convenient for 
allowing the use of geometrical valving in their systems [137], since corner flow at contact angle 
40° is still very weak. The concept of a capillary system solves two of the major problems of 
capillary driven microfluidics: the lack of control over flow rates and the fact that the flow stops 
when the channels are full. The flow rates can be coded by the geometry and continuous flow 
can be achieved either by designing specific high volume capillary pumps [146] or evaporation 
platforms [147] at the outlet of the system. In addition to surface patterning, capillary filling 
networks can also be used for fabricating polymer structures in a process called micromolding in 
capillaries (MIMIC) [74][148], where detachable capillary filling PDMS channels are used to 
define polymer structures. 

Another way to control capillary flow is through surface chemistry. This approach is less used 
because it is not possible to fabricate channels where the surface chemistry is controlled and 
varied to the same extent as the geometry, and the work in this field has mostly been limited to 
systems with two distinct chemistries, one hydrophilic and one hydrophobic. A hydrophobic 
valve [14] consists of a hydrophobic patch in a hydrophilic channel and completely stops the 
flow at the start of the hydrophobic patch. In another study, less extensive hydrophobic stripes 
were patterned on the bottom of a microchannel, and the capillary flow rate was controlled by 
the relative amounts of hydrophobic and hydrophilic surface exposed at a given spot [149]. 

A different approach to passive fluidics is to use the Laplace pressures of the reservoir droplets 
instead of capillary pressure [150]. In this approach, a channel is connected to an inlet and an 
outlet, and a smaller droplet is pipetted on the inlet and a bigger droplet on the outlet. With this 
set up, the higher Laplace pressure from the smaller droplet at the inlet will drive the liquid to the 
outlet droplet. An advantage of this approach compared to capillarity is that the fluid actually 
flows out of the capillary and into the outlet droplet, so in theory any amount of fluid can be 
passed through the system. The very same geometry was also used as a more traditional 
evaporation and capillary flow based fluidic platform [151]. Here, a droplet was pipetted at the 
inlet and the channel was filled by capillary forces. Then, as the liquid evaporates from both the 
inlet and the outlet, the outlet side is refilled from the inlet droplet causing a flow through the 
channel. 

In conclusion, the advantages of capillary fluidics, compared to externally actuated fluidics, 
include the simplicity of fabrication and use, the lack of external power supply and interconnects, 
favorable scaling at smaller dimensions and ready possibility to work with open systems. Even 
though somewhat alleviated by the technological advances described above, disadvantages of 
capillary fluidics still include sensitivity to surface contamination, the surface tension variability 
of liquids, lack of control over the flow during operation, and the inability to force the liquids off 
the capillaries to sustain the flow. One possibility to get both the simple efficiency of capillary 
systems and the flow control of utilizing external actuation, is to combine the two so that most 
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fluidic operations are handled passively, while a few carefully selected critical spots are chosen 
for actuation. 

 

1.3.4 Dried Droplet Solute Deposition 

Dried droplet solute deposition is a seemingly simple phenomenon with surprisingly complex 
characteristics. It is utilized in many biological, biomedical and analytical methods and 
applications, such as DNA and protein spotting for arrays. Dried droplet deposition consists of 
dissolving solutes in a volatile solvent, applying a droplet of the solution on a surface, and letting 
the solvent evaporate, thus transferring the solutes from the solvent to the surface. A ubiquitous 
characteristic of dried droplet deposition is the so called "coffee stain effect", a very non-uniform 
ring-like deposition pattern, where the solutes preferentially deposit at the perimeter of the 
droplet. The fluid physics of the apparently simple case of a drying spherical cap shaped droplet 
are surprisingly complex, and the first quantitative explanation was proposed as late as 1997, by 
Deegan et al. [152]. The core mechanism of the ring-like deposit formation is that, due to contact 
angle hysteresis, the initial contact line is often pinned, and does not start to recede until at later 
stages of the evaporation process [153][154][155]. During this pinned stage, solvent evaporates 
also from the contact line, which is then resupplied by solvent from the center of the droplet, 
leading to accumulation of solutes at the perimeter [152][154][156]. This mechanism is further 
enhanced by the fact that the rate of evaporation is actually higher at the thin film contact line 
compared to the bulk of the droplet [157], due to disjoining pressure gradients pulling the liquid 
to the thin film region and the very low thermal resistance from the small film thickness [155]. In 
an open air evaporation study, a 50 μm wide region at the contact line was found to contribute 
50% - 70% of the total evaporation of a ≈ 400 μm long meniscus [158], in an experimental set up 
somewhat analogous to a 800 μm diameter droplet. 

Marangoni flows, caused by temperature gradients in the evaporating droplet, can reverse the 
coffee droplet effect. The temperature of the top part of the droplet is typically lower than the 
parts of the droplet closer to the surface, which causes Marangoni flow from the contact line 
toward the center of the droplet [159][154]. However, Marangoni flow is extremely sensitive to 
surfactant contamination, which means that when the solvent is water, which is easily 
contaminated, Marangoni flow is usually completely eliminated. This effect was demonstrated in 
a study, where polystyrene particles dominantly deposited to the center of the droplet when 
deposited from highly purified octane, but a ring-deposition was observed when the particles 
were deposited from water [160]. The purity requirement might also explain why earlier 
experimental studies [154] observed ring-like deposition also from organic solvents. 

On the application side, dried droplet deposition is used in many different applications, such as 
inkjet printing [57][61][161] and analytical methods[162], including matrix assisted laser 
desorption ionization mass spectrometry (MALDI-MS) [163], surface assisted laser desorption 
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ionization mass spectrometry (SALDI-MS) [164][165] [III, V], fluorescent spectroscopy 
[166][167] and Raman spectroscopy [168][169]. These fields have produced many technological 
developments related to dried droplet deposition. For the purposes of improving inkjet printing, 
Sirringhaus et al. [61] improved the printing resolution by prepatterning the substrate with 
lithographically patterned hydrophilic and hydrophobic areas for polymer transistor fabrication, 
while Kim et al. [170] controlled the Marangoni flow by selecting suitable solvent compositions 
for uniform deposition, resulting in lowered electrical resistance of inkjet printed conductive 
silver lines. In chemical analysis, the ring-like deposition has been utilized for improving the 
detection limits of both fluorescent spectroscopy [166][167] and drop coating deposition Raman 
spectroscopy [168].  

Development of the dried droplet deposition process for MALDI-MS has included prestructured 
sample supports, where the analyte and matrix was concentrated on a 200 μm hydrophilic gold 
spot on a hydrophobic Teflon background, leading to improvements in sensitivity and 
repeatability [42]. Similar results were also reported on using nonpatterned hydrophobic Teflon 
or Parafilm sheets as sample supports [171]. In another study [172], transmission electron 
microscopy (TEM) grids with hexagonal patterns were used as shadow masks for UV-ozone 
removal of a hydrophobic SAM in order to fabricate MALDI sample supports which improved 
the homogeneity of the matrix crystals. Improved uniformity and homogeneity were also 
reported on a sample plate consisting of platinum nanodots on a silica plate [173]. 

For SALDI-MS, the ring-like and otherwise non uniform deposition has been considered 
problematic, leading to poorly repeatable signal intensities [174][175]. Tuomikoski et al. [165] 
etched confinement wells of different shapes around porous silicon SALDI spots, and found that 
square shaped confinement wells lead to the sample being concentrated to the corners, while 
circular confinement wells lead to a more uniform deposition. Our own work on this field has 
concentrated on the use of planar hydrophilic / hydrophobic patterned surfaces, where more 
uniform deposition is achieved due to interplay of drying droplets and the specific pattern 
geometries [V]. 

 

1.3.5 Hydrophobic Interaction 

Hydrophobic interaction, also called the hydrophobic effect, is a concept used to explain the 
tendency of hydrophobic moieties to stick to each other under water. The phenomenon is a very 
general one, and the hydrophobic interaction is the driving force in, for example, the self 
assembly of micelles and protein folding [176], in addition to adhesion of macroscopic 
hydrophobic surfaces to each other and adsorption of molecules onto hydrophobic surfaces. On a 
basic level, the hydrophobic effect can be considered to result from surface free energy 
minimization, since according to Eq. (1), the dewetting of hydrophobic surfaces is energetically 
favorable. However, this view, while correct from a thermodynamical perspective, is a little bit 
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too simplistic, as the interaction force has been found to act at a maximum range of around 10 
nm [177], meaning that a force exists even at separations which do not yet allow any dewetting. 
Longer range components have also been measured experimentally, but it appears that they are 
all secondary effects related to specific features of the experimental set up and surface 
fabrication, and not true hydrophobic interaction [178]. The classical view of hydrophobic 
interaction is that it is mediated through entropically unfavourable ordering of water molecules 
into frozen "icebergs" [179] or cage-like hydration lattices [180] around hydrophobic moieties. 
In this way, the hydrophobic interaction is actually more related to water itself, than the 
properties of the interacting particles/surfaces. However, currently it is not entirely clear whether 
the ice-like ordering of water around hydrophobes can be experimentally supported, or whether 
the ordering is even needed for explaining hydrophobic interaction [178][181]. 

Adsorption by hydrophobic interaction is an important topic in lab-on-chips operating with 
aqueous solutions, since many biological analytes, including proteins [182][183] and peptides 
[184], are prone to adsorption to surfaces by hydrophobic interaction. In an illuminating study, 
Sigal et al. [182] used surface plasmon resonance measurements to monitor the adsorption of six 
different proteins on nine different surface chemistries, achieved by alkanethiol monolayers on 
gold. They found that adsorption of proteins correlates closely with the contact angle of water in 
a surface-water-cyclohexane three phase system, rather than the more typical surface-water-air 
system. This makes conceptual sense, since adsorption by hydrophobic interaction is by its 
nature an exchange reaction, where water is replaced on a surface by a hydrophobic substance, 
either a hydrophobic patch of a biological adsorbate or a cyclohexane molecule. In their study, 
smaller proteins (ribonuclease A, 14 kDa, lysozyme, 14 kDa) adsorbed heavily on those surfaces 
exhibiting superhydrophobic contact angles in a surface-water-cyclohexane system, including 
CH3 and CF3 terminated surfaces, but not on surfaces with only slightly hydrophobic or 
hydrophilic contact angles. On the other hand, proteins of intermediate size (bovine serum 
albumin, 69 kDa) adsorbed on both superhydrophobic and slightly hydrophobic surfaces, but not 
on hydrophilic surfaces, and larger proteins (gamma-globulin, 170 kDa, pyruvate kinase 237 
kDa, fibrinogen 340 kDa) adsorbed, to some extent, on all surfaces. 

Reversed phase liquid chromatography, hydrophobic interaction chromatography, and reversed 
phase solid phase extraction are analytical separation techniques utilizing hydrophobic 
interaction. Miniaturized reversed phase chromatographic systems have been made by packing 
particles into separation columns [185][186] or by fabricating a monolithic separation column, 
consisting of either a porous scaffold [187] or microfabricated pillar arrays [188][189]. Reversed 
phase solid phase extraction systems have been integrated onto pipette tips (ZipTip) [190], by 
packing hydrophobic functionalized particles into a porous matrix on the tip. Adsorption onto 
hydrophobic surfaces has also been used to trap analytes for subsequent detection from the 
surface [191][192][193][194][195]. 
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1.4 Microchips for Laser Desorption/Ionization Mass 
Spectrometry 
Mass spectrometry, measuring the spectrum of molecular masses of individual molecules in a 
sample, is a powerful analytical technique in chemical and biological analysis. Among its biggest 
advantages are the ability to identify unknown components based on either the mass of the 
compound or the masses of the fragments of the compound and the ability to analyze highly 
complex mixtures, which makes mass spectrometry an increasingly important tool for biomarker 
discovery. A mass spectrometer consists of three principal components: an ion source, which 
produces charged species of the analyte, a mass analyzer which separates the ions based on their 
mass to charge ratio, and a detector which measures the amount of ions of any given mass to 
charge ratio. For the analysis of larger molecules prevalent in biological analysis, the critical step 
is the ionization, which must be effective but still soft enough to avoid major fragmentation of 
the analytes. The two ionization techniques that have risen to the task are electrospray ionization 
(ESI) and laser desorption ionization (LDI). For the development of these two ionization 
techniques for mass spectrometry of large molecules, John B. Fenn (for ESI) and Koichi Tanaka 
(for LDI) shared the Nobel Prize in Chemistry in 2002. The interest in the development of these 
techniques has remained high, and has increasingly included the development of microfluidic 
chips. 

 

1.4.1 Matrix Assisted Laser Desorption/Ionization Mass Spectrometry 

MALDI is an ionization technique for mass spectrometry, where the analytes are ionized upon 
exposure to laser light with the assistance of a matrix compound (Figure 5a). The MALDI 
technique was developed in the late 1980s by Tanaka et al. [196], who utilized an inorganic 
matrix consisting of cobalt nanoparticles suspended in glycerol, and Karas and Hillenkamp 
[163], who utilized a nicotinic acid organic matrix. Nowadays, mostly organic matrices are used 
[197], the three most common ones being 2,5-dihydroxy benzoic acid (DHB), 3,5-dimethoxy-4-
hydroxycinnamic acid (SA) and α-cyano-4-hydroxycinnamic acid (CHCA). The major roles of 
the matrix in MALDI are absorbing the laser light, incorporating and isolating the analytes upon 
crystallization, entrainment action on the analytes upon desorption, and ionization and charge 
transfer to the analytes [198][199]. 
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Figure 5. a) Matrix assisted laser desorption ionization b) Surface assisted laser desorption 
ionization 

Lab-on-chips designed to work with MALDI most often fall into two categories: fluidic chips 
that attempt to interface MALDI detection to previous analysis steps and advanced target plates 
that either improve the matrix application step or allow operations such as analyte trapping or 
washing to be performed on the target. Coupling a fluidic chip to MALDI requires that the 
surface where MALDI analysis is performed needs to be open, which places some limitations on 
the possible ways for handling the fluidics of the chips. On open channels, capillary flow, 
electrowetting and electro-osmotic flow remain as options, but pressure driven flow is not 
possible due to the liquid not being confined to the channel. Another problem for coupling 
MALDI with microfluidics is the matrix, which, in the case of most matrices, needs to be 
cocrystallized with the sample. These issues partially explain why interfacing MALDI with 
fluidics based separation methods, such as liquid chromatography and capillary electrophoresis 
(CE), has been more problematic than interfacing ESI [200], for which numerous microchips 
have been developed [201]. 

For online coupling, several approaches based on connecting external chips to the MALDI mass 
spectrometer through capillaries have been reported [202]. These approaches bypass the 
requirement of the chip itself needing an open surface at the cost of cumbersome 
interconnections. In a different approach [203], chemical reactions were performed on a chip 
inside the vacuum chamber of the mass spectrometer. The fluid flow was driven by the pressure 
difference between an air bubble on the chip and the vacuum, and the chip contained an open 
window for detection. 

Liu et al. reported direct offline coupling of a CE chip to MALDI-MS through the use of an open 
microfluidic channel made out of glass [204], and demonstrated separations and detection of 
simple test samples. In their approach, the matrix (DHB) was incorporated to the electrophoresis 
buffer, and after the electrophoresis, the channel was allowed to dry to cocrystallize the separated 
analytes with the matrix. A similar approach was demonstrated for capillary isoelectric focusing 
on open PMMA channels [205], but here the matrix was found to interfere with the focusing 
process, and was thus added on top of the samples after focusing step. Detachable channel 
networks present an alternative to open channels for coupling fluidics and MALDI. Su et al. 
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utilized capillary filling microfluidic networks to immobilize an array of peptides on a surface 
[206], and then turned the channels 90° to treat the peptides with an array of enzymes. The 
channels were then removed, and MALDI was used to analyze the activities of the various 
enzymes.  Detachable PDMS channels were also used in a microfluidic chip, where neurons 
were grown and stimulated on a chip and MALDI was used to study the released neuropeptides 
[191]. 

The other approach of utilizing microchips with MALDI is advanced target plates. Targets for 
improving the dried droplet solute deposition aspect of MALDI were already discussed in 
section 1.3.4. Hydrophobic targets can be used to trap analytes by hydrophobic interaction, 
which enables in situ washing of the sample from unwanted contaminants, such as salts. These 
types of targets have been fabricated from Teflon [194] and by SAMs [193], and have resulted in 
better quality signals and improved detection limits compared to unwashed samples. For protein 
samples, porous alumina [207] and diamond nanoparticles [208] were also reported to 
sufficiently bind proteins to allow washing away salts prior to MALDI. In addition to reversed 
phase, other solid phase affinity capture strategies can also be used. Ekström et al. present a 
perforated microchip for coupling bead based affinity capture and MALDI [209]. In their work, 
the beads are placed on one side of the chip and the analytes are eluted so that they pass through 
the perforations to the other side of the chip, where they are analyzed. The surface enhanced 
laser desorption ionization technology [195] encompasses a wide array of affinity target surfaces, 
including reversed phase and biological capture probes such as antibodies, designed to work with 
LDI-MS detection.  

Another way of developing the MALDI process is incorporating matrix directly onto a target. A 
matrix (CHCA) and polymer photoresist SU-8 composite was used as a target [210] and 
ionization of peptides and drug molecules with reduced background matrix interference at low 
masses was reported. Considering the traditionally understood roles of the matrix in the MALDI 
process, it is somewhat surprising that the composite worked as well as it did, since the 
entrainment action and gas phase charge transfer reactions should not work with matrix 
molecules covalently attached to the surface and embedded to the bulk of the composite. One 
possible explanation would be that some matrix molecules were released from the composite 
during the analyte application step and were able to form nanoscale crystals incorporating the 
analyte. The authors did report crystals forming on the surface upon application of the analytes, 
but these were interpreted as crystals consisting of just the analyte molecules. 
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1.4.2 Surface Assisted Laser Desorption/Ionization Mass Spectrometry 

Surface assisted laser desorption/ionization (SALDI) is an ionization technique for MS where 
analytes are ionized similar to MALDI but without the entrainment action of a co-crystallized 
chemical matrix. The development of SALDI is closely tied to the development of MALDI, as 
early work utilizing particle suspension matrices that do not cocrystallize with the analytes [196] 
[211] could be classified as either or both, depending on the exact definitions. Nowadays, the 
trend has been toward completely matrix-free methods, where a monolithic surface is used to fill 
in for at least some of the roles of the matrix (Figure 5b). 

The desorption and ionization mechanisms in SALDI are relatively poorly understood. Heating 
of the surface upon irradiation has been identified as a key component in the desorption process 
[212][213][214]. The heating of the surface can lead to desorption by simple thermal evaporation 
of the analytes [213], but it has also been argued that instead morphological changes of the 
surface can be the cause of the desorption [214][215]. In either case, good absorptivity at the 
wavelength of the laser and low thermal conductivity of monolith are conducive for rapidly 
heating up the surface and confining the heat to the surface [215][III]. The ionization 
mechanisms are also contested. The most common ion detected in SALDI is the singly positively 
charged protonated molecular ion, and both the surface itself [175][214] and residual solvents, 
acids and hydrocarbons [164][213] have been claimed to be the source of the protons. 

Silicon is the most common material for SALDI monoliths, probably because of its ready 
availability and mature processability in addition to its solid performance in SALDI devices. The 
seminal SALDI monolith was electrochemically etched porous silicon [164] and the ionization 
method was called desorption ionization on silicon (DIOS). Since then, a multitude of other 
silicon based monoliths have been reported, including silicon nanopillars [216], nanogrooves 
[217], nanocavities [218] and amorphous silicon [175][III]. In addition to silicon, SALDI 
monoliths have also been made out of etched carbon [212], carbon nanotubes [219], germanium 
nanodots [220], and titania [221][222].  The majority of SALDI monoliths have some kind of 
micro or nanostructures at their surface, and studies have identified differences in the ionization 
efficiencies between planar surfaces and surfaces with different types of roughness [216][217] 
[220] [175][III]. However, the exact role of pores and roughness in the ionization process is still 
unknown. In the context of DIOS, it has been claimed that the role of the pores is fundamental by 
elevating the background pressure and lowering the dimensionality of the desorption plume 
[213]. On the other hand, it has been argued that the role of the pores is actually limited to just 
storing the analytes and resupplying the surface during laser irradiation [212]. In addition, 
several studies discuss the possibility of field desorption amplified by the nanostructures of the 
surface [212][223][220]. 

SALDI has several advantages as compared to MALDI. SALDI spectra are free of interfering 
matrix ion peaks at lower molecular masses [164][224], and the salt tolerance of SALDI has 
been claimed to be higher than that of MALDI [224]. SALDI is also free of ionization sweet 
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spots caused by uneven crystallization of the matrix, but the sample uniformity can still be 
problematic with dried droplet sample application [174][175]. Our own work has shown that the 
sample distribution is strongly dependent on topographical and wetting properties of the sample 
plate [V]. In addition, SALDI offers a simpler analysis procedure as the matrix application and 
cocrystallization step is completely eliminated, which is especially helpful in the context of 
coupling SALDI-MS detection to other analysis steps on a microchip. For example, DIOS has 
been integrated with in situ chromatographic separations [225], hydrophobic analyte trapping 
and washing [226], and immunoaffinity capture [227].   

SALDI-MS has been demonstrated in the analysis of proteins [215] [III], peptides 
[226][225][215] [164] [III, V], drugs and other small molecules [164][165] [226] [216][III, V] 
and illicit drugs [227][228]. The limits of detection for small molecules and peptides are often 
found to be comparable to MALDI, and in some cases extreme limits of detection down to 800 
yoctomoles have been reported [226]. SALDI surfaces based on silicon nanowires [223] are 
commercially available from Bruker Daltonics under the name of NALDI targets. In spite of this, 
SALDI-MS has not been widely adopted for use as an analytical technique, at least partly 
because the various SALDI sample plates often suffer from limited robustness and 
reproducibility [197][229]. 

One development of SALDI that has attempted to deal with these issues is the so called 
nanostructure-initiator mass spectrometry (NIMS) [229][230], which uses a porous silicon 
surface loaded with liquid phase deposited initiator molecules for ionizing analytes by laser light 
or by ion beam. Unlike MALDI, no matrix application step is needed after the pores have already 
been loaded with the initiators, and unlike SALDI, the method is not extremely sensitive toward 
surface properties, as the surface only plays a secondary role. For laser NIMS, an extremely low 
limit of detection of 700 yoctomoles was reported for the drug verapamil [229], and ion NIMS 
was used in high spatial resolution (150 nm) imaging of peptides with detection limits in the 1 
fmol range.  
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1.4.3 Mass Spectrometric Imaging 

Imaging the spatial distribution of various biomolecule species in tissue samples by using mass 
spectrometric imaging (MSI) promises to be a powerful tool in studying molecular interactions 
and identifying disease biomarkers [231][232]. While the first imaging experiments were 
demonstrated already in the 1970s, MSI has really taken off during the last decade due to 
improvements in instrumentation [231]. The mass spectrometric techniques most often used for 
MSI are secondary ion mass spectrometry (SIMS) and MALDI-MS. SIMS imaging offers 
imaging resolution down to 20 nm - 50 nm range [233], but the mass range is often limited to 
m/z < 500 [231], which makes SIMS imaging suitable for imaging non biological samples as 
well as smaller biomolecules, such as lipids and metabolites. For larger biomolecules, such as 
peptides and proteins, the mass range of MALDI-MSI is more suitable. However, with current 
instrumentation, a practical mass limit exists at around 30 000 D for MALDI in imaging mode, 
beyond which the sensitivity rapidly falls [232]. 

The resolution of MALDI-MSI is dependent on the size of the laser spot (≈ 50 μm in most 
cases), which is not sufficient for imaging molecular level events, nor even distinguishing 
between neighboring cells. In addition to developing lasers with smaller focus areas, several 
approaches have been presented to improve the resolution beyond the laser spot size. Typically, 
MALDI-MSI is performed in microprobe mode, meaning that the laser is scanned over the 
surface in a given raster, and the image is reconstructed from the mass spectra at each raster spot. 
As an alternative to this, Luxembourg et al. presented the so called microscope mode, where ion 
optics and a resolution sensitive detector are used to obtain spatial information from within a 
laser spot [234]. Using this approach, they were able to obtain resolutions down to 4 μm on test 
samples consisting of a analyte doped matrix layer overlain with a mesh grid. For the more 
conventional and readily available microprobe mode, Jurchen et al. discuss an oversampling 
approach, where the probe raster is denser than the spot size so that adjacent laser spots overlap 
[235]. Normally, this would cause a drop in the resolution, but they show that this problem is 
avoided if the amount of matrix and the laser fluence are calibrated so that there is complete 
depletion of matrix at each laser spot. They report resolutions down to 25 μm with a laser spot 
size of about 100 μm. 

MALDI-MSI of biomolecules has also been used in combination with microchips [191] [192] 
[236] [237], either as a detection and readout device of a lab-on-chip or as a tool to be used 
during the microchip development stage. This field is still in its infancy, and has only emerged in 
a few recent publications. Liu et al. utilized DIOS in tissue imaging, so that an ultra thin 50 nm 
thick tissue slice was placed on top of a DIOS chip, and were able to detect small molecules 
from a mouse liver tissue sample [236]. An advantage of DIOS tissue imaging compared to 
MALDI tissue imaging is the lack of a tricky matrix application step and less background ions at 
low molecular masses. On the other hand, the preparation of ultra thin tissue slices and the 
limited mass range are definite downsides. SALDI imaging using NALDI nanowire sample 
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plates was demonstrated from tissue slices with more manageable thicknesses of ≈ 20 μm [237].  
In this approach, the tissues were mounted on top of the nanowire sample plates, the molecular 
image was imprinted on the plate and the imaging was then done with the tissue sample removed 
from the plate. The lipid images thus obtained were found to be equal to or even superior to 
conventional MALDI imaging of the same tissue slices. 

For samples other than tissue slices, DIOS imaging was used in a microchip developed for 
measuring enzyme kinetics [192]. The DIOS chip was combined to droplet based fluidics with 
the help of a PDMS cover that could be removed after the fluidic operations were finished, 
allowing the readout of the experiment by MSI of the DIOS chip. Our own work has included the 
use of SALDI-MSI to study the deposition patterns of analytes on engineered droplet shapes [V].  
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2. Aims of the Study 
The overreaching aim of the study was to study the effects of micro and nanoscale topographical 
and chemical surface functionalization for guiding and positioning liquid samples for 
(bio)chemical analysis. Specifically, the aim was to develop capillarity driven microfluidic chips 
for use with LDI-MS for sample trapping, separation and purification based on open channel 
networks and multiple surface functionalities. 

The specific aims of the studies were: 

I. To derive the correct conditions for spontaneous filling of an open surface capillary 
groove and to verify the conditions experimentally. 
 

II. To develop a method for achieving droplets of any shapes utilizing 
hydrophilic/hydrophobic patterned surfaces. Also, the assessment of some of the fluidic 
possibilities at extreme contact angle gradients, such as droplet splitting and moving. 
 

III. To probe the mechanism of the  surface assisted laser desorption ionization process 
experimentally by independently varying the substrate and coating materials and surface 
topographies, and to perform an optimization cycle for identifying high performance 
ionizing surfaces for peptide and drug analysis. 
 

IV. To study the possibility for controlling the direction of droplet spreading in the 
macroscale by utilizing a surface functionalized by asymmetrically shaped microfeatures. 
 

V. To visualize the analyte deposition patterns from dried droplets using imaging mass 
spectrometry in order to better understand the deposition process from the point of view 
of analytical methods relying on the dried droplet process. In addition, development of 
specifically shaped hydrophilic/hydrophobic functionalized geometries where drying 
effects automatically create favorable drying patterns, such as analyte concentration or 
splitting. 
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3. Materials and Methods 
Analytes and methods used in the experimental part of the thesis work are listed below. Table 1 
lists the major microfabrication processes used in the studies, Table 2 lists the characterization 
and analysis methods, and Table 3 lists the standard analytes used. The most important 
experimental techniques used in this work are discussed in this chapter. Further details, as well 
as experimental details of the other characterization methods, can be found in the original 
publications I-V. 

Table 1. Fabrication methods used in studies I-V 

Fabrication method Used in studies 

Photolithography, SU-8 I, III, IV 

Photolithography, AZ-series II, III, V 

Reactive ion etching (RIE) II, V 

Reactive ion oxygen plasma treatment I, II, III, IV, V 

Reactive ion fluoropolymer deposition II, V 

Cryogenic deep reactive ion etching II, III, V 

Plasma enhanced chemical vapor deposition III, V 

UV-embossing III, V 

Atomic layer deposition III 

Thermal oxidation of silicon III 

 

Table 2. Characterization and analysis methods used in studies I-V 

Characterization or analytical method Used in studies 

Contact angle goniometry I, II, IV, V 

Scanning electron microscopy II, III, IV, V 

Atomic force microscopy III 

Profilometry III 

Reflectometry III 

MALDI-MS III 

SALDI-MS III, V 

SALDI-MSI III, V 
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Table 3. Standard analytes used in studies III and V 

Standard analytes Used in studies 

Bruker peptide calibration standard V 

Des-arg9-bradykinin III, V 

Angiotensin I III 

Angiotensin II III 

Bombesin III 

Substance-P III 

Propranolol III 

Verapamil III 

Midazolam III 

Cytochrome c   III 

         

3.1 Fabrication and Hydrophilization of SU-8 structures 

SU-8 structures were fabricated using standard photolithographic techniques. SU-8 5 was used 
for thin layers (< 10 μm) and SU-8 50 was used for thicker layers (> 10 μm). The resist was spin 
coated on top of silicon substrates to the desired thickness, soft baked on programmable a hot 
plate at 95°C, exposed through a mask under a mask aligner, post exposure baked again at 95°C 
and finally developed. After development, the contact angle between water and SU-8 was 70°-
80°, depending on the exact process parameters used. SU-8 was made hydrophilic by oxygen 
plasma treatments in a RIE reactor (Plasmalab 80+, Oxford Instruments, Bristol, England). 
Depending on the duration of the treatment, different contact angles were achieved, all the way 
down to near complete wetting. Further different contact angles were achieved by allowing the 
SU-8 to partially recover its hydrophobicity. The contact angles of the modified SU-8 were 
always measured immediately prior to capillary filling experiments from planar reference areas. 

 

3.2 Fabrication of Superhydrophilic/Superhydrophobic Patterns 

High wettability contrast patterns were fabricated on top of a nanopillar topography using 
photolithography. The nanopillar topography was first coated by a fluoropolymer coating to 
render the surface superhydrophobic throughout. Then, a thick photoresist (AZ-4562), with a 



44 
 

nominal thickness on a smooth surface of 6.2 μm, was spin coated on top of the nanopillars, 
which had a height of about 1 μm, completely covering them. Thinner photoresist AZ-5214 was 
tried, but was found to both partially spin off the surface during spinning, and to curl up during 
soft bake. After the photolithography, the fluoropolymer coating was selectively removed, and 
the surface oxidized, from exposed areas, while other areas were protected by the photoresist 
mask. After resist removal, the hydrophilic areas were found to be completely wetting, while the 
hydrophobic areas exhibited contact angles near 170° and very slow sliding angles. Thesliding 
angles were not measured, but the samples were impossible to manually get into sufficiently 
planar orientation for a droplet to stay on them. 

 

3.3 Plasma Enhanced Chemical Vapor Deposition of α-Si 

Amorphous silicon was deposited on various substrates and used for study III as a SALDI active 
coating. The deposition was done in a plasma enhanced chemical vapour deposition reactor 
(Plasmalab 80+, Oxford Instruments, Bristol, England). The deposition parameters were 
temperature 200°C, power 5 W, pressure 2000 mTorr and gass flow rates were 14 sccm for SiH4 

and 266 sccm for He. SU-8 and Ormocer polymer substrates were hard baked at 200°C on a 
hotplate prior to the coating. The deposition rate, measured by profilometry and reflectometry, 
was ≈ 8 nm / min. 

 

3.4 Contact angle Goniometry 

Static contact angles were measured by the sessile droplet method using Cam-101 contact angle 
goniometer (KSV Instruments Ltd. Helsinki, Finland). Water droplets were gently delivered on 
the test surface from a precision syringe mounted to a moving stage. After the water droplets 
touched the surface, the droplets were given enough time to stop advancing, after which a picture 
was immediately taken and analyzed by the software, giving the contact angle. The contact angle 
thus measured should be close to the static advancing contact angle, as the droplet had been 
advancing on the surface just prior to the measurement. A rudimentary analysis of the radial 
symmetry of the droplets was performed by eye, and strongly nonsymmetric droplets were 
discarded. In some specific cases, such as when measuring the contact angles on top of surfaces 
with regular lattices (such as micropillars in a hexagonal array in publication V), the droplet 
assumed the overall shape of the lattice and the requirement for symmetricity had to be dropped 
in order to get a very rough estimate of the contact angle. 
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3.5 MALDI-MS 

All LDI-MS measurements in this work were performed on Autoflex III mass spectrometer 
(Bruker Daltonics, Bremen, Germany). Samples (≈ 1μl in water) were pipetted on steel MALDI 
targets, let dry partially, after which a matrix solution was added and the mixture was dried, 
causing the sample and the matrix to cocrystallize. The matrices used in this work were CHCA 
for peptides and drugs and SA for proteins. Both matrices were dissolved as saturated solutions 
in 40% ACN and 0.1% TFA. The mass spectrometer was used in the positive reflectron mode for 
peptides and drugs and positive linear mode for proteins. 

 

3.6 SALDI-MS 

For SALDI-MS, the sample plates were first rinsed with methanol (≈ 30s) to clean them of dust, 
airborne contaminants and fabrication related residues. The sample plates were mounted on 
modified MALDI steel targets using double sided conductive tape. The modified steel target 
featured a machined recession in order to compensate for the thickness of the sample plates (all 
sample plates had a thickness of roughly 500 μm) so that the laser was correctly focused on the 
surface of the sample plate. The laser fluence was optimized for each individual sample, and set 
to a few percentages above the ionization threshold fluence. 

 

3.7 LDI-MSI  

Sample plates with superhydrophilic/superhydrophobic patterning were always finalized on 
either the same or previous day as the actual imaging measurement. The finalization step 
consisted of the final fluoropolymer etching and hydrophilization by RIE, and photoresist 
removal in ultrasonic bath in acetone. Other samples used for LDI-MSI were prepared similarly 
to MALDI samples (if matrix was used) or SALDI samples (if matrix was not used).  

The sample plates were first attached to the modified steel target by double sided conductive 
tape, as before. The whole steel plate was then scanned in order to record the geometry of the 
system. The samples were applied on the sample plates only after the scanning, in order not to 
disturb the deposition pattern by mechanical contact with the scanner glass. The imaging was 
done using Bruker flexImaging software. Typical raster spacings used were between 25 μm and 
50 μm, compared to the laser spot size of ≈ 50 μm. A MS measurement in each raster spot 
consisted of several laser shots, without any movement of the laser inside the raster spot (due to 
the small scale of the raster spot).  
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4. Results and Discussion 

4.1 Extent of Wetting in Microchannels with Complex Geometries (publication I) 

Capillary filling of geometries more complex than the classical capillary rise in a cylindrical tube 
with uniform surface properties is a very rich topic and by no means comprehensively 
understood at the moment. This section deals with determining the extent of, and conditions for, 
capillary filling when a microstructured surface or a channel is connected to an infinite liquid 
reservoir in situations where gravity effects are negligible. The default approach in such a case is 
finding the filling pattern that minimizes the total surface free energy. In simple geometries, the 
calculation is often easy, as all that is required is comparing the total surface energies of an 
empty geometry to the same geometry completely filled with liquid. Experimentally, all that is 
required are the dimensions of the geometry and the contact angle between the liquid and the 
surface material, which are both accessible parameters. However, a theoretical problem arises 
when the geometries get more complex, as it is no longer clear how to list all the a priori possible 
wetting patterns for making the free energy minimization comparison. As far as the author 
knows, this problem has only been explicitly discussed in the literature in publication [I]. 
Different types of partial channel flows in, for example, square shaped capillaries, have been 
discussed before [124][125], but they have been mostly considered as precursor flows in 
channels that ultimately fill completely. Also, a note is to be made of a related mathematically 
oriented field concerned with finding the free energy minimum shape of a limited body of liquid 
(droplet), on complex geometries [128][238][239][240]. 

As a model case, let us consider the extent of wetting in an open surface groove of width w, 
height h and contact angle theta, connected to an infinite reservoir of liquid and excluding 
gravity effects. In the literature, this case has been dealt with in an oversimplified way, as only 
the surface energy of a completely filled groove is calculated and compared to an empty groove 
[120]. This, however, is incorrect since other possible filling patterns also exist, and the total 
surface energy of one of these other patterns might be the global minimum. In publication [I], we 
propose a method for systematically going through all of the possible filling patterns, thus 
ensuring that the correct global minimum is found. The basic idea is to first list all the filling 
patterns that are a priori possible by satisfying two conditions. First, the shape of the meniscus in 
an equilibrium will be uncurved, as otherwise the unopposed capillary Laplace pressure from the 
curved meniscus would drive the liquid forward/backward, contradicting the assumption that the 
liquid is in a mechanical equilibrium. Second, the local contact angle of the liquid on each free 
surface has to match the Young’s angle for the surface material. Based on these considerations, 
the possible filling patterns in the model geometry are: 1. empty groove, 2. groove where any or 
all of the walls are completely wet by a thin layer of liquid, but the groove is otherwise empty 
(Fig 6a), 3. one or both of the bottom corners filled (Fig 6b), and the groove otherwise empty, or 
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one bottom corner filled and the opposing wall wet (Fig 6c), and the groove otherwise empty and 
4. the whole groove is filled. The correct filling pattern can then be determined by calculating the 
total surface energy in each case and selecting the global minimum. However, in publication I 
we give a further algorithm which makes the process faster. We start from the filling patterns 
where each menisci only touch a single wall, and determine which of these yield negative energy 
change compared to an empty channel. This is possible if a wall is completely wetting, and those 
walls are then locked for all further steps as containing a thin film of liquid. Then in the next 
step, we consider the cases where menisci can touch two walls, taking into account the 
possibility that some of the walls are already wet. The algorithm then proceeds to menisci that 
touch at most three, four and so on walls, until finally the entire channel is considered. It is 
crucial to do the algorithm in this order from the bottom down, as it guarantees that the free 
energy changes of the various partial channel filling steps are not erroneously tied together. The 
actual filling conditions derived by this approach are discussed in section 1.3.3 of this work. We 
also performed capillary filling experiments with open channels of two heights and various 
contact angles to compare the predictions of equations (6) and (7), and the data clearly showed 
that equation (6) is overly optimistic about filling while the predictions of equation (7) were 
quite close to the experimental results, giving clear support for our model of capillary filling of 
complex channels.  

 

Figure 6. Partial wetting states in an open rectangular groove. a) Single completely wetting wall 
b) Corner filling (two walls) in one or both of the corners c) Corner filling and single wall filling 

Another example could be a channel filled with “star-like”, extremely high partially wetting 
pillars (Fig 7a). Could even a few such pillars have an enormous contribution toward filling of 
the channel? If simple free energy minimization is used, the answer is yes, as the enormous 
surface area of each pillar translates into enormous gains in surface energy. However, if our 
approach is followed, it turns out that the grooves of the star like pillars can fill independently 
(Fig 7b) of the rest of the channel, and that the pillars only contribute as completely wetting 
pillars of a geometry determined by the menisci (Fig 7c). This example clearly demonstrates the 
concept that the excess surface free energy can be so strongly localized to some sub-regions of a 
hydrophilic structure, that only a part of the energy can contribute toward filling the entire 
channel. In this case, the actual contact angle of the pillars does not actually matter, beyond the 
point which allows the grooves of the pillars to fill independently. 

 

a) b) c)
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valves used in capillary fluidics [136] and, depending on the geometry, either the Wenzel or the 
Cassie state is metastable on a rough hydrophobic surface [95][96]. On a more fundamental 
level, multiple metastable states, corresponding to multiple static contact angles, can exist for 
droplets on surfaces with either topographical or chemical inhomogeneity [113][241]. 

In publication [IV], we designed and demonstrated a system with unique directional wetting 
properties based on a metastable non wetting equilibrium state. The effect is based on the 
geometrical asymmetry of triangular micropillars. We noticed that the reach of a liquid meniscus 
from an array of triangular micropillars was slightly longer to the direction of the bases of the 
triangles, as opposed to the direction of the tips. This reach asymmetry was verified and 
measured in over a hundred different cases using a test structure shown in Figure 8a. In Fig 8a, 
the meniscus is able to make contact with the 9 micron auxiliary pillar but not the 11 micron 
auxiliary pillar when leaning on the tips, giving the reach as 10 μm ± 1 μm. We were not able to 
derive a formulaic approach how to calculate the reach from micropillar rows of various 
geometries, and actually an analytical solution probably does not even exist for most geometries. 
The experiments did show that the phenomenon is relatively robust and happens regardless of the 
exact geometry of the triangular pillar. The order of magnitude of the reach asymmetry was 
roughly in the 10% - 50% range for the geometries that were tested.  

The reach asymmetry can be translated into directional wetting by designing the pillar lattice so 
that the spacing between the pillar rows is between the reach from the tips and the reach from the 
bases. With this geometry, the meniscus that is leaning on the tips will reach the next row of 
pillars; fill the pillar row by capillary imbibition, after which the cycle repeats and the meniscus 
keeps advancing. On the other hand, the meniscus that is leaning on the bases does not reach the 
next row of pillars, and instead gets trapped in a metastable state somewhere between the pillar 
rows. This phenomenon is demonstrated in Figure 8b, which shows that when the pillar spacing 
was placed at 11 μm, which was shorter than the reach of the meniscus from the bases but longer 
than the reach from the tips, only the channel where the liquid proceeds to the direction of the 
bases can fill. As the surface energy change of wetting one row of pillars is obviously the same 
independent of the direction, the non wetting has to be caused by an intermediary metastable 
state. The reach asymmetry and directional wetting phenomena depend principally on the height 
of the microstructures, the spacing between the pillar rows, the pillar geometry and the inherent 
contact angle of the liquid with the surface. As the contact angle is dependent on the liquid, the 
behaviour of various liquids on the same structure changes from no wetting at all for very high 
surface tension liquids, to directional wetting for liquids between some critical contact angles, 
and finally to complete wetting (all directions) for liquids with sufficiently low surface tension.  
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secondary effect, the exact magnitude of which we could not calculate, of the pillar geometry. As 
a disadvantage, their fabrication method of bending polymer pillars by evaporating gold on one 
side of the pillars is more complicated than the optical lithography utilized in our work, 
especially for fabricating double bended pillars that would be needed for the 90° sector spreading 
presented in publication [IV]. 

 

4.3 Superhydrophilic / Superhydrophobic Patterning (publication II) 

In publication [II], we present a photolithographic method to pattern ultrahydrophobic and 
completely wetting surface domains on the same wafer. In our method, the roughness is provided 
by a random array of silicon nanopillars with pyramid like shapes, and the chemical pattern 
consists of a low surface energy fluoropolymer coating and high surface energy oxygen plasma 
activated silicon (Fig 9). The ultrahydrophobic domains had extremely high static advancing 
contact angles at around 170° and extremely low sliding angles. The sliding angles were not 
specifically measured, but were at most a few degrees, as it was impossible to balance a droplet 
on the ultrahydrophobic surface without a specifically levelled stage. The superhydrophilic 
domains were initially completely wetting. Over time, a slight hydrophilic recovery turned these 
domains from completely wetting to just extremely hydrophilic, with contact angles (few 
degrees) still well below what can be measured by sessile droplet goniometry. 

 ¨ 

Figure 9. Extreme wetting pattern. The pattern consists of completely wetting lithographically 
defined oxidized silicon nanograss (left) and ultrahydrophobic fluoropolymer coated silicon 
nanograss (right). 

Publication [II] was not the first one to report patterned extreme wettability contrasts 
[245][246][247][248][249][250]. Our fabrication process does have some advantages compared 
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to the previous ones. The nanopillars are made out of silicon unlike in all previous works, 
enabling applications that utilize other properties of silicon, such as solar cells and SALDI 
(publication V). Also, the pyramidal shape with relatively high aspect ratios is very beneficial 
toward extremely high contact angles and robust Cassie state. Finally, our work is the only one 
where the patterns are created through conventional lithography using a photoresist. The 
preceding works used UV-treatments through photomasks to directly modify the surface 
chemistries [245][246][247][250], deposition through a shadowmask [248] and photocatalytic 
lithography [249]. In principle, lithography using a photoresist should be more suitable for very 
high resolution (high gradients) patterning than modifying the surface chemistry directly by UV-
light through a photomask, as the photoresist itself is optimized for very high dose dependent 
solubility contrast, while a direct treatment will leave the borders of the domains more blurred 
because of partial exposure through diffraction. However, as only cheaper masks with linewidths 
of the order of 20 μm were used, wetting patterns with linewidths at the limit of our lithographic 
equipment remain undemonstrated. 

The main novelty of publication [II] is exploring some of the possibilities for surface 
microfluidics that are enabled by the extreme wettability contrast patterns. Good quality acute 
and reflex angles of water droplets on hydrophilic domains were demonstrated based on the 
extreme wettability of the hydrophilic domains and the extreme non wettability of the 
hydrophobic domains, respectively. On a planar reference surface, the corners were more 
rounded. We focused on studying droplets on ring shaped hydrophilic domains of various sizes 
and inner to outer circle ratios. This interesting setup produces donut shaped water droplets of 
various morphologies, and it has been comprehensively investigated by the group of Lipowsky, 
especially as to the mechanism of formation of a symmetry breaking bulge at higher volumes 
[122][123][251]. Their work was mostly theoretical in nature, and the only experiments they had 
performed were made using molten tin-lead alloy as the liquid [251]. In publication [II], we 
performed the first experimental study of water droplets on ring shaped hydrophilic and 
constructed a morphology diagram based on the results (Figure 10). We found out that as the 
volume of the droplet was increased, the morphology of the droplet changed from a symmetric 
donut to a asymmetric bulge as expected from the previous studies[122][251]. However, we 
found out that as the volume of the droplet was increased further, the droplet assumed a 
surprising lens shaped morphology with a trapped air bubble. The lens morphology had not been 
discussed before, nor was it confirmed or discussed in a later experimental study [123], which 
reported an otherwise very similar morphology diagram where the lens morphology was replaced 
by a cap morphology. Interestingly, the lens morphology cannot be a global surface energy 
minimum, so it must be metastable. We think that the lens morphology forms when a discrete 
amount of liquid (1-2 μl was pipetted at a time in our case) is quickly added to an almost closed 
bulge, a small air bubble is trapped and gets locked in a metastable hemispherical shape touching 
the silicon nanopillars surface. If the air bubble were to detach from the silicon nanospikes and 
travel to the surface, it would have to assume a spherical shape to travel through the droplet, and 
this would have a higher total surface energy than the hemisphere in touch with the silicon 
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nanopillars. The lens morphology could possibly be useful for encapsulating objects in a gas 
ambient inside a liquid sheath. Alternatively, lens shaped droplets comprising of two immiscible 
liquids could be useful for a miniaturized liquid phase extraction platform. 

 

 

Figure 10. Morphologies of water droplet on a circular hydrophilic domain.The diagram shows 
the measured transitions between the ring, bulge and lens morphologies on a geometry where 
the outer circle had a radius of 3 mm and the inner radius and the amount of liquids vas varied. 
Observed ring to lens transitions are marked by blue circles, ring to bulge transition by red 
squares and bulge to lens transitions by green triangle. 

We also studied droplet splitting geometries, consisting of two hydrophilic domains separated by 
a narrow hydrophobic domain. When the volume of a droplet in the first (source) hydrophilic 
domain is increased, it eventually comes into touch with the second (target) hydrophilic domain. 
This event launches a rapid and radical reorganization of the droplet, which on some geometries 
results in the droplet splitting into two droplets. Several geometries were studied experimentally, 
and we noticed that the most robust splitting phenomenon was achieved when the source was 
smaller than the target. However, as the bulk of the liquid prefers to sit on largest hydrophilic 
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area, there was a clear trade off between achieving robust splitting and splitting the liquid as 
evenly as possibly between the two daughter droplets. We also noticed that droplet transfer lines 
could be created, where the bulk of the droplet spontaneously moves towards broader areas of 
the hydrophilic pattern. This phenomenon has actually been independently discovered at least 
three times in three consecutive years, first by Zhang and Han in 2007 [252], then by us in 2008 
[publication II] and lastly by Khoo and Tseng in 2009 [253]. 

 

4.4 Experimental studies of SALDI Mechanism and Sample Plate Optimization 
(publication III) 

A major problem in developing SALDI-MS to a mature, reliable and widely adopted analysis 
technique is that the SALDI process remains incompletely understood, and conflicting opinions 
exist for the importance of many factors, such as the role of porosity and surface chemistry (see 
section 1.4.2 for a short review of the literature). Publication [III] presents our attempt to glean 
some insight into the SALDI mechanism by using a two layered system, where the topography, 
coating and the substrate material were varied independent of each other. All of the studied 
parameters had a clear effect on the SALDI efficiency, and while we were not able to 
conclusively prove any of the mechanisms involved, the study adds useful experimental data to 
the literature of SALDI. 

In the substrate material test, thin layers of amorphous silicon were deposited on crystalline 
silicon, amorphous thermal silicon oxide, an organic photoresist SU-8 and an inorganic-organic 
hybrid polymer Ormocer. Amorphous silicon was chosen as the coating for this test since it is 
known to be conducive for high SALDI ionization efficiency [175]. The results of this test are 
summarized in Table 4. The test clearly showed that the substrate material had an effect on the 
SALDI efficiency, as the oxide and the hybrid polymer substrates produced much higher signals 
than silicon. The SU-8 substrate was excluded from Table 4 as the analytes mostly ionized as 
potassium and sodium adduct ions, instead of protonated molecular ions that were the only ions 
detected with the other three substrates. Several possible reasons for the differences were 
identified and discussed. First, it remains possible that the properties of the amorphous silicon 
coating were different when deposited on top of different materials. To minimize this effect, the 
coatings were deposited on all samples at the same time. Second, as surface roughness has been 
identified to increase SALDI efficiency, it could be possible that the differences in ionization 
efficiency reflect only the roughness of the surface, with the polished silicon wafer being both 
the smoothest and the least ionizing substrate. However, the root mean square roughnesses of the 
various surfaces where characterized by AFM, and were found to be very small. We put forward 
an argument that the main effect could be thermal conductance of the heat away from the surface 
on the highly conductive silicon substrate, while the other three substrates would conserve the 
heat near the surface for longer periods of time, thus leading to more thermally activated 
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desorption events. The heat was calculated to diffuse about 80 nm on the oxide and 800 nm on 
the silicon during a 7 ns laser pulse. Finally, a possible reason could be related to morphological 
changes upon laser exposure that have been claimed to be integral to the desorption process in 
SALDI. The big thermal mismatch between the amorphous silicon and the polymer substrates 
could contribute toward reorganization of the surface during the laser pulse. We were able to 
observe clear marks left by the laser on the hybrid polymer, which showed micrometer scale 
delamination of the amorphous silicon coating. These markings started to appear at about the 
laser fluence that produced the strongest signals, but were not a necessary condition for obtaining 
signals. Thus it appears that morphpological changes, at least on this scale, cannot be the only 
desorption mechanism involved. 

Table 4. Substrate material effect on SALDI signal intensity. The analyte was 2 pmol of des-arg9-
bradykinin and 10 measurements were made on each substrate. The coating was 40 nm of α-Si. 

Substrate Intensity 
(au) Signal/Noise Roughness 

(nm) 
Si 300 ± 50 68 ±10 0.1 
SiO2 1500 ± 190 310 ± 41 0.1 

Hybrid 2000 ± 70 440 ± 15 0.4 
 

Table 5. Substrate topography effect on SALDI signal intensity. The analyte was 10 pmol of des-
arg9-bradykinin and three measurements were made on each substrate. The substrate material 
was hybrid polymer and the coating was 80 nm of α-Si. 

Topography Nonporous Porous 

Planar 7300 ± 500 44000 ± 5000 

Micropillars 2600 ± 300 5000 ± 200 

Nanopillars 22800 ± 600 65300 ± 7400 
 

In the topography test, we fixed the substrate material to be the hybrid polymer because of its 
good performance and malleability, and the coating was again amorphous silicon. The 
topographies that were discussed in publication [III] included planar surfaces, micropillar 
surfaces and nanopillar surfaces [254], all three with and without a porous layer created by a RIE 
oxygen plasma process [37]. The test results are summarized in Table 5, showing several clear 
trends. First, nanopillars where superior to planar surfaces while micropillars were inferior. The 
nanopillar result is well in line with other research, showing significant enhancement of the 
SALDI signal by nanoscale structures of any type. The fact that the micropillar surfaces showed 
worse performance than planar surfaces clearly demonstrates that simply increasing the total 
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amount of surface area is not sufficient, even though it is typically agreed that almost any type of 
nanoscale structures enhance the SALDI process. Several possible reasons why microscale 
structures could be different include the depth of laser light penetration into the structures and in 
liquid phase analyte deposition, the deposition pattern of the analytes. The porous substrates 
were found to be superior to the corresponding non porous substrates in all cases. It needs to be 
noted that the size range of the pores was similar to the nominal thickness of the coating (80 nm), 
so it is doubtful if the resulting surfaces were actually highly porous. Instead, possible effects of 
the pores could have been further lowering the thermal conductivity of the substrate, as well as 
further roughening of the surface. The roughness (after α-Si deposition) of a RIE treated planar 
hybrid had increased to 8.7 nm, correlating with a greatly increased SALDI performance. Our 
results clearly show, in agreement with Alimpiev et al. [212][175], that the porosity is not 
absolutely necessary for SALDI, as the nonporous substrates also produced strong signals. 

In the coating material test, we compared uncoated, alumina coated, titania coated, silicon nitride 
coated and amorphous silicon coated hybrid nanopillars. Uncoated, alumina coated and silicon 
nitride coated nanopillars produced either no signals or very weak trace signals, titania coated 
nanopillars produced relatively weak signals mostly consisting of potassium adducts, and 
amorphous silicon coated nanopillars produced strong protonated molecular ion signals. 
However, in order to determine whether the other coatings mostly lacked UV-absorptivity or 
proper surface chemistry, all surfaces were tested also with a citric acid additive, which is 
sometimes used in SALDI methods to introduce additional protons to the system. In this test, 
uncoated, alumina coated and silicon nitride coated sample plates still did not produce reasonable 
signals, while the signals on the titania coated samples clearly improved and now consisted of 
protonated molecular ion peaks. It thus appears, that the hybrid itself, alumina and silicon nitride 
lack UV absorptivity, the titania alone lacks proper surface chemistry for donating protons to the 
analytes, while amorphous silicon has both of these properties. It should be noted that if the 
coating layers were thinner than the 80 nm coatings used in this study, the role of the coating 
layer should ultimately reduce to just the surface chemistry component, while the substrate could 
take care of the UV-absorptivity. 

Overall, the study also served as an optimization process for high performance SALDI sample 
plates. Amorphous silicon coated, RIE treated hybrid nanopillar sample plates (Fig. 11) were 
tested in the analysis of proteins, peptides, and drugs. The limits of detection were in the high 
attomole range, with 800 amol detection of des-arg9-bradykinin demonstrated. These detection 
limits compare well with the typical values reported for other SALDI sample plates, which are 
typically in the low femtomole to high attomole range. Compared to MALDI-MS spectra of the 
same analyte mixtures, SALDI-MS spectra were shown to contain fewer interfering peaks at 
lower masses (Fig. 12, Fig. 13). The operable mass range of the sample plates was about m/z 0 - 
2000, after which the signals started to get rapidly weaker. This behaviour is typical for most 
SALDI processes, but for proteomics it would be useful to extend the mass range to also 
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Figure 13. Peptide mixture mass spectra by SALDI-MS and MALDI-MS.The analyte mixture is 5 
pmol each of des-arg9-bradykinin (m/z = 904), angiotensin II (m/z = 1046), angiotensin I (m/z = 
1296), substance-P (m/z = 1347) and bombesin (m/z = 1619). 

One of the advantages of SALDI, as compared to MALDI, is the simplified process flow as the 
matrix application step and the analyte cocrystallization with the matrix phase are eliminated. 
While in normal analysis these are not particularly time consuming steps, the simplified process 
flow could be extremely useful for microchips that integrate SALDI-MS detection with other 
process steps. For example, it would be feasible to integrate our  hybrid polymer SALDI-MS 
sample plates to analytical microfluidic devices that are already made out of the hybrid polymer 
[254][37][255][256], since only localized oxygen plasma treatment and amorphous silicon 
coating would be needed. Another example (presented in publication V) is integrating SALDI-
MS to droplet control using the hydrophilic hydrophobic patterning method presented in 
publication [II]. 
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4.5 Dried Droplet Solute Deposition Patterns Using SALDI-MSI (publication V) 

Publication [V] presents the first study where solute deposition patterns on dried droplets are 
studied using mass spectrometry. The main advantages of mass spectrometry for this type of 
research are the abilities to image unlabeled analytes and complex analyte mixtures. Also, since 
one of our own applications of interest is SALDI-MS, it is convenient to also use SALDI-MS for 
studying the optimal deposition patterns. We demonstrate that with the mass spectrometer used 
in our study (Bruker Autoflex III with FlexImaging software), the highest practically  achievable 
resolution, using our sample plates for ionization, was roughly in the 20 μm range, slightly below 
the spot size of the laser. Decreasing the laser spot size further caused a big drop in signal 
intensities, while decreasing the raster spacing caused the imaging scan times to become 
unwieldy. We also show how signal saturation effects, which occur at relatively low 
concentration on our sample plates, can produce artifacts into the images, and how to avoid false 
conclusions based on artifacts by using a dilution series repeats of all experiments. In this way, 
the correct deposition pattern can be confirmed if it remains even at dilutions when the signal is 
starting to fade, since the signal cannot at the same time be near detection limits and at the 
saturation threshold. 

The sample plates used in the study were the wettability patterned silicon nanopillars presented 
in publication [II] and the amorphous silicon coated hybrids presented in publication [IV]. On 
the extremely hydrophilic (θ<5°) oxygen plasma treated silicon nanopillar surfaces, the drying 
pattern demonstrated a strong ring deposition effect, being strongly concentrated to the perimeter 
of the droplet (Fig. 14a). In comparison, the deposition patterns on surfaces with intermediate 
wettability (θ in the range of 20°-60°) were much more uniform (Fig. 14b). These results make 
sense considering that the primary requirement for the formation of ring like deposits is a pinned 
contact line. The contact lines on the patterned superhydrophilic areas were pinned until the very 
end of the drying process, explaining the extremely strong ring deposition effect. In a sense, 
these structures have an artificially inflated hysteresis, since the droplet is stopped by the 
hydrophobic area, so the advancing contact angle comes from the hydrophobic surface while the 
receding contact angle comes from the superhydrophilic part. The contact lines on the 
intermediate wettability surfaces depinned much earlier in the drying process, which is reflected 
in the more uniform deposition pattern. This finding is particularly important for dried droplet 
analysis methods, as both the superhydrophilic and the intermediate wettability case present 
several advantages and disadvantages. In the superhydrophilic case, the analyte is concentrated 
on a small percentage of the total area, which is in principle a positive feature for SALDI-MS 
and other analytical techniques where the actual analysis is performed on only a very small area, 
as analyte is not wasted on areas that will not be used for the analysis anyway. However, as a 
clear downside, the ring like deposition is very nonuniform, and the high intensity gradients will 
result in large spot to spot reproducibility problems if extremely accurate positioning is not used. 
In our case, reliably manually positioning the laser to hit the narrow ring was impractical to the 
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point of being almost impossible. The more uniform deposition of the intermediate wettability 
case avoids this problem, but as a tradeoff most of the analyte is not used in the analysis. 
   

 

 

 

 Figure 14. Deposition patterns on surfaces with different wettabilities. The sample in both cases 
is 0.5 μl of 5 μM des-arg9-bradykinin dissolved in water. a) Ring like pattern on a 
superhydrophilic circle b) Deposition pattern on a planar surface with θ=35°  

In addition to circular spots, several more complex geometries were tried. The deposition 
patterns on square shaped spots showed a strong perimeter deposition effect. The shape of the 
deposition pattern was a square with slightly rounded corners, but otherwise the deposition 
pattern was basically the same as with circular spots. A flower shaped geometry, consisting of a 
1 mm central spot and eight 400 μm peripheral spots produced more interesting results. A 0.5 μl 
droplet on such a spot is shown in Fig. 15a, and the resulting deposition pattern is shown in Fig, 
15b. The deposition pattern is quite distinct from the previous cases, in that the analyte 
distribution is not continuous and does not merely follow the perimeter of the spot geometry. 
Instead, the analyte has deposited to eight distinct sites at the peripheral spots, ranging from the 
neck of the peripheral spot to about two thirds of the peripheral spot toward the outer perimeter. 
This type of deposition pattern could be very beneficial for analytical techniques, combining the 
concentration effect to relatively robust positioning of the laser probe, although, as discussed in 
publication [V], we did encounter a reproducibily problem where sometimes different types of 
deposition patterns were obtained.  
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Figure 15. a) A droplet of water (0.5 μl) on a flower shaped hydrophilic spot b) Deposition 
pattern for 0.5 μl of 1 μM des-arg9-bradykinin on a flower shaped spot  

 

We also tested the deposition patterns of mixtures of multiple analytes. Interestingly, different 
analytes appeared to have different deposition pattern. Figure 16 shows the deposition pattern of 
a mixture of angiotensin I (m/z = 1296) and angiotensin II (m/z = 1047). The basic feature in this 
and other cases was that the overall type of the deposition was the same for all analytes, but the 
extent of the perimeter deposition effect varied. Figure 16 shows two mass spectra from the sites 
marked A and B to the imaging figure. These spectra show that the very edge of the spot had a 
very strong angiotensin II signal and no angiotensin I, while a broader, more diffuse ring showed 
angiotensin I signal but no angiotensin II. This finding is quite unexplained by the current 
theories of deposition pattern formation, which usually treat the phenomenon based mostly on 
the properties of the surface and the solvent but not based on the properties of the solute. One 
recently published paper discusses a hydrophobicity effect in the pattern formation for 
microparticles [257], but due to the different size of the particles compared to our molecular 
analytes, and also due to the mechanism relying on a relatively steadily retreating contact line, 
unlike what was observed on our patterned superhydrophilic geometries, the mechanism for the 
formation of various analyte dependent deposition patterns is probably different in our case. In 
any case, it would be extremely useful to figure out which parameters of the analyte affect the 
deposition pattern. If the phenomenon were based on a property such as the hydrophobicity or 
molecular mass in a systematic fashion, it might be feasible to develop a new type of separation 
system, where different analytes are separated from each other due to drying phenomena. Such a 
separation system could be naturally combined to a dried droplet measurement technique, such 
as LDI-MS or Raman spectroscopy.  
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Figure 16. Deposition pattern and mass spectra of a mixture of angiotensin I and angiotensin II. 
The top spectrum is from site A (marked to the deposition pattern shown in the inset), and the 
bottom spectrum is from site B. The inset shows angiotensin I as green and angiotensin II as red. 

Imaging mass spectrometry can also be a useful tool in studying the conditions for obtaining 
good quality matrix crystals in MALDI-MS. Figure 17a and Figure 17b show a peptide and a 
protein MALDI-MS images obtained on standard steel MALDI targets. On both images, the 
stochastic "sweet spot" effect of MALDI can be seen clearly. In addition, the protein image Fig 
17b also shows a ring deposition effect. We also briefly studied the use of our geometrically 
defined droplet shapes in conjunction with MALDI. Figure 17c shows a MALDI peptide image 
on the flower geometry. On 6 of the 8 peripheral spots signal is only obtained at the perimeter, 
while the central spot was mostly devoid of analyte signals and also of visible matrix crystals. 
On the remaining two peripheral spots, a very even MALDI signal was generated. This result is 
very preliminary, but shows some promise in that the uniformity of MALDI signal could also be 
improved by depositing the analyte/matrix mixture from a droplet of some specific geometry. 

 



63 
 

 
Figure 17. Imaging matrix crystal formation using MALDI-MS. a) A 1:1 mixture of 1 μM des-
arg9-bradykinin and saturated CHCA in 40% ACN and 0.1% TFA on standard steel target.  b) A 
1:1 mixture of 10 μM bovine serum albumin and saturated SA in 40% ACN and 0.1% TFA on 
standard steel target.  c) A 1:1 mixture of 1 μM des-arg9-bradykinin and saturated CHCA in 
40% ACN and 0.1% TFA on flower geometry superhydrophilic silicon nanopillars. 

  



64 
 

5. Conclusions 
 

Capillary microfluidics is an efficient and above all simple to use method for handling the liquid 
transport on biochips. These chips are ready for pipetting without any additional 
interconnections, making their use fast and suitable for e.g. portable diagnostic devices. The 
simplicity of use is, however, slightly misleading, as the complexity of the chips lies in the 
design and understanding of the microscale phenomena whereupon the capillary transport is 
based on. The behaviour of liquids on partially wetting micro and nanostructured surfaces is a 
complex topic which is only partially understood at the moment.  

The baseline approach developed by Wenzel still works in some cases, but significant 
quantitative as well as qualitative differences can emerge especially when the structures on the 
surface are periodic and not random. In these cases, the isotropic assumption is broken and 
metastable states stabilized by geometric energy barriers can, for example, cause the spreading of 
the liquids to exhibit directional features corresponding to either the lattice or the individual 
pillar geometry, as was demonstrated by us in publication IV. On the other hand, for relatively 
simple geometries, like the open isosceles trapezoidal surface grooves discussed by us in 
publication I, simple algorithms for minimizing the surface energy can be calculated. A 
remaining challenge for the field is that, while the various phenomena are highly dependent on 
specific geometries and wettabilities, some conceptual and theoretical unification of the various 
reports would be highly useful for arriving at some universal rules and approaches that would be 
valid for all surfaces, and could serve as the conceptual foundation for designing capillary fluidic 
devices for analytics. 

Patterning droplets in two dimensions was demonstrated in publication II. Interestingly, droplets 
sitting on two-dimensionally patterned geometries of high complexity can take on shapes that 
have a clear three dimensional nature, such as the bulge and lens morphologies observed in this 
work. It is possible that by the clever design of the hydrophilic patterns, even more complex 
three dimensionally patterned droplets could be achieved, but ultimately, three dimensional 
crafting of liquids will require a three dimensional, wettability patterned scaffold. Patterning 
surface wettabilities in three dimensions would be a technologically challenging but fruitful next 
step for applications such as three dimensional tissue culture platforms. 

Surface nanostructures and chemistry can be utilized for protein analysis through mass 
spectrometry using SALDI. In many ways, SALDI-MS would be a convenient analysis and 
detection platform for integrating into biochips, but progress in this field is hampered by the 
relatively poorly understood mechanisms of desorption and ionization of the analytes. Our 
approach, presented in publication III, was to try to assemble SALDI sample plates from two 
separate parts, the bulk and the surface, in order to get at least some insight on which properties 
are conducive for reliable SALDI. However, this approach proved only moderately successful, as 
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it proved challenging to completely eliminate the interdependency of the various parameters, and 
in the end, the desorption and ionization mechanisms remain contested. The study did, however, 
produce multiple workable SALDI surfaces with various topographies and surface chemistries, 
which is a potentially useful resource in itself for future applications in proteomic analysis. 

SALDI and capillary fluidics are both based on surface topography and chemistry, meaning that 
exiting possibilities for new kinds of devices for medical and biological diagnostics and research 
exist for combining the two. SALDI-MS combined to hydrophilic/hydrophobic patterned surface 
fluidics and mass spectrometric imaging allowed us to study the deposition patterns of peptide 
and drug analytes from droplets of various geometries. The results, which were presented in 
publication V, proved the principle of this approach, and many potentially useful features such as 
analyte splitting, concentration and separations were demonstrated. This means that there exist 
definite possibilities for both assembling biological materials into desired patterns as well as 
developing analytical devices based on fluidic self assembly of the analytes on engineered 
droplet geometries. In its developed form, the approach would be of extreme simplicity for the 
user, as the only required step would be pipetting the analyte and letting it dry. However, a lot of 
work would need to be done in order to better understand these phenomena and to fabricate 
robust surfaces with reliable performance and stability during storage. 

Overall, the thesis work did produce novel results for both the technological and the biological 
application side, but the emphasis remained on the technical aspects. This mirrors closely the 
development of microchips for biological analysis in general, where, during the last couple of 
decades, a great deal of development has taken place on the technical side, but adaptation into 
practical use in laboratories, clinics and hospitals has not been equally rapid. At least one of the 
reasons for the lack of adaptations is that the microchip technology for life sciences is, despite 
the advances, still not always robust and reliable enough for the strict quality standards and 
prudent conservatism of the medical world. This should not be taken as an overly pessimistic 
note, as there are signs that the tide is beginning to turn and an ever increasing number of 
successful applications derived from microchip technology can be found in use in the 
laboratories and for sale commercially. Based on current trends, it is a clear that the use of 
microchips will become more commonplace in all aspects of life sciences, making their 
technological refinement not only interesting for the sake of knowledge itself, but also for 
practical benefits in the life sciences. 
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