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SUMMARY 
 

This thesis describes systems and methods which can be used as tools for user-friendly, 

inexpensive on-site analysis, and is split into an introductory chapter (Chapter 1) and four 

sections. The first section covers the technologies that we employed to make such tools, 

namely 3D-printing and paper-based assays. The second section of the thesis covers the 

development and characterization of 3D-printed cartridges for paper spray ionization (PSI), an 

ambient ionization method for mass spectrometry. In the third section, we introduce a number 

of new tools for paper microfluidics. The last section wraps up the thesis with a general 

discussion, outlook and summary. 

Chapter 2 gives a perspective on recent developments in paper-based analysis in which we 

identify possibilities and trends for future research in this area. First, an overview of the use of 

paper in the scientific context is presented, as well as a description of its important 

characteristics for this purpose. We then consider a number of research areas revolving 

around paper, including paper microfluidics and PSI, and look at the state-of-the-art in terms 

of integration, (actual) applicability, sophistication and innovation. Finally, we arrive at a 

number of recommendations for paper-based analytical research.  

Whereas Chapter 2 deals with the first of our inexpensive materials, paper, Chapter 3 

describes the second, namely 3D-printed polymers. For this thesis, we have greatly benefitted 

from a specific 3D-printing method called fused deposition modeling (FDM), which is based 

on the extrusion of molten polymer. We describe this methodology and characterize a number 

of parameters, including resolution, surface roughness, leakage through parts and 

transparency. Furthermore, twelve different FDM materials were subjected to a number of 

tests to determine solvent compatibilities, biocompatibilities for a cell and a tissue model, and 

several other parameters. Finally, this Chapter describes how FDM printing is applicable to 

the research field of lab-on-a-chip, including the fabrication of masters for replication of 

microchannels in poly(dimethylsiloxane), a silicone rubber; actual microchannel fabrication; 

rapid prototyping; and setup customization. 

The second section of the thesis consists of Chapters 4 and 5 and focuses on advances in 

cartridge-based PSI. In Chapter 4, a paper tip for ambient ionization for mass spectrometry is 

integrated into a 3D-printed cartridge. This cartridge was designed to protect and stabilize the 

tip, but also to regulate passive solvent flows to the tip. Wetting of a tip via exclusively 

capillary action is a slow process and it can take around 10 minutes before the tip can be used. 

Therefore, features were introduced for initial fast wetting of the tip with a defined volume, 

and continuous solvent supply for prolonged spray generation. We could start spray within a 

minute after wetting and could obtain spray for tens of minutes. Furthermore, with the 

extended spray it was possible to couple paper chromatographic separation to mass 

spectrometric detection.  
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Chapter 5 describes the further development of the PSI cartridge, with the incorporation of 

two new features to improve performance and user-friendliness. First, a manifold with 

bifurcated gas conduits for sheath gas delivery was implemented in the cartridge. One entry 

tube for nitrogen splits up over two stages into four nozzles, which release the gas around the 

spray tip to speed up desolvation of sprayed droplets for better ionization. The second 

adaptation is the integration of an electrostatic lens in front of the spray tip. In this Chapter, 

we demonstrate that the sheath gas can be used to increase signal-to-noise by enhancing 

desolvation, while the lens allows control of the cross-sectional shape of the spray plume (i.e. 

focus or defocus). This new configuration not only represents advances in engineering with 

3D printing, but also yielded better performance with respect to the original cartridge 

(Chapter 4) while requiring lower potentials for spray generation. 

The third section of the thesis consists of Chapters 6 to 9 and revolves around paper 

microfluidics, and specifically, our efforts to provide additional tools for this type of research. 

Chapter 6 describes a method for hydrophobic patterning of paper with alkyl ketene dimer 

(AKD), which is a two-step process. First, AKD-treated paper is selectively exposed to 

oxygen plasma, which rehydrophilizes the material. The use of 3D-printed masks allows the 

selective exposure of paper to oxygen plasma, yielding hydrophobicity in those respective 

regions. Afterwards, the hydrophilic regions are wetted with water and a higher concentration 

of AKD can be applied to hydrophobic regions using a hexane solution. Since water and 

hexane are immiscible, no new AKD will reach the hydrophilic regions, whereas the already 

hydrophobic regions become even more hydrophobic. With this method, paper microfluidic 

devices having three distinct types of regions can be constructed, namely: hydrophilic regions, 

and hydrophobic regions with either high or low AKD load. The differences in surface energy 

allow different permeability to solvents or solvent solutions, depending on their compositions. 

This selective permeability is then employed to create on-paper valves which are open or 

closed depending on the choice of solvent mixture. Selectively permeable on/off valves can 

be used to realize spatially-separated reagent storage in a small area, as well as volume-

defined sampling from a body of liquid. 

Selective permeability, or wettability of AKD-patterned paper is further exploited in Chapter 

7, where we use pieces of paper with different surface energies to create a two-phase counter 

flow of water and octanol in a paper microfluidic device. If water and octanol are both 

introduced into a channel of untreated cellulose paper, water will experience stronger 

capillary pressure and therefore be the phase to wet the channel. If the paper is treated with 

AKD first to lower its surface energy, water will become the non-wetting phase, whereas 

octanol will still be able to wet it. Therefore, in both of the situations described above, a stable 

interface between water and paper cannot be achieved. However, if an untreated region and an 

AKD-treated region are interfaced, the two phases will stay on their own side of the fence and 

can be manipulated in independent directions. This principle is demonstrated by the 
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partitioning of fuchsin between the two phases. In this, we switch back and forth between 

water and 1M HCl in water as the aqueous phase to visualize the influence on the equilibrium. 

Chapter 8 describes how a 3D-printed cartridge is being deployed to achieve sample 

concentration on a piece of paper. Similar to our approach in Chapter 5, we introduced 

bifurcating air ducts to create a multitude of nozzles (up to 32) in a circular array to evenly 

apply air pressure to a sealed-off region of a paper disk. Once sample is being infused into the 

disk, this disk will become wetted. The air that is being applied to the disk causes increased 

solvent evaporation, thus creating a net flow of sample solution towards the dried region. This 

induced coffee stain effect leads to continuous sample deposition in the dried region, 

concentrating the sample. A simple blue food dye was applied to demonstrate the 

performance of the device, and it was found that we can indeed quantify lower concentrations 

with this method than by simply spotting sample onto a strip of paper. Furthermore, by 

employing a larger sample volume, we can further increase the limit of detection. In the 

absence of the air-induced concentrating effect, the increase in sample volume only leads to 

an increase in spot size. With the cartridge, the spot size does not increase, but the signal 

intensity does. 

In Chapter 9, we go back to both AKD patterning, and the PSI cartridge, the development of 

which was described in Chapters 4 and 5. Here, we use a different method for patterning than 

in Chapter 6, namely by first forming a suspension of AKD microparticles in water which can 

be applied with a pen. The pen can in turn be mounted on a 2D plotter, if so desired, to 

automate the fabrication process. The production process of this AKD ink was characterized 

and optimized to obtain a relatively homogeneous particle size distribution. The ink was then 

used to create a simple paper microfluidic structure on a tip for a PSI experiment. This 

structure is a selectively permeable valve which forms a barrier to aqueous sample, preventing 

sample deposited on the front end of the tip from wicking back into the rest of the tip. 

Thereby the sample is concentrated upon drying on the front of the tip. The concentrated 

sample can then be eluted with methanol and directly infused into the mass spectrometer. We 

found that this method effectively preconcentrates sample and especially increases the signal 

intensity for compounds which are relatively strongly retained on the cellulose paper. 

A general discussion is presented in Chapter 10, followed by an outlook on future work in this 

field. We can claim that we have pushed the boundaries for paper-based analytical systems, as 

well as for the applicability of 3D printing in analytical scientific endeavors. Much remains to 

be done in terms of user-friendliness, integration and applicability, which in turn influences 

how fast and to what extend these technologies might be accepted by society. However, we 

believe that this work shows a clear promise of societal impact in the near future, which in the 

end is the primary justification for this research. 
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