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CHAPTER IV 

3D-PRINTED PAPER SPRAY IONIZATION CARTRIDGE WITH FAST 

WETTING AND CONTINUOUS SOLVENT SUPPLY FEATURES 
 

Abstract 

We report the development of a 3D-printed cartridge for paper spray ionization (PSI) that 

can be used almost immediately after solvent introduction in a dedicated reservoir and allows 

prolonged spray generation from a paper tip. The fast wetting feature described in this work 

is based on capillary action through paper and movement of fluid between paper and the 

cartridge material (polylactic acid, PLA). The influence of solvent composition, PLA 

conditioning of the cartridge with isopropanol, and solvent volume introduced into the 

reservoir have been investigated with relation to wetting time and the amount of solvent 

consumed for wetting. Spray has been demonstrated with this cartridge for tens of minutes, 

without any external pumping. It is shown that fast wetting and spray generation can easily be 

achieved using a number of solvent mixtures commonly used for PSI. The PSI cartridge was 

applied to the analysis of lidocaine from a paper tip using different solvent mixtures, and to 

the analysis of lidocaine from a serum sample. Finally, a demonstration of online paper 

chromatography-mass spectrometry is given.   
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4.1) Introduction 

A recent development in the field of mass spectrometry has been the introduction and rapid 

expansion of ambient ionization techniques
1
, which allow ionization of sample under 

atmospheric pressure and require little to no sample pretreatment. One important reason for 

this expansion is the growing demand for cheap analytical devices in both our own society 

and developing countries
2
. One technique, termed paper spray ionization (PSI), shows great 

promise for such applications. The protocol for PSI is simple: sample is spotted onto a piece 

of paper ending in a sharp tip, which is then positioned in front of the entrance to a mass 

spectrometer (MS). When the paper tip is wetted with solvent, a high potential is applied to 

generate spray
3–5

. The advantages of PSI, and paper generally, are that it is an exquisite 

substrate for stable storage of sample, and is cheap and easily transported. Dried blood spots 

on paper as samples for bioanalysis are currently experiencing a revival for similar reasons, 

due to the development of analytical techniques to process such samples with high sensitivity 

(such as mass spectrometry)
6,7

. 

An extended supply of solvent is not a hard and fast requirement for analyzing a compound 

with PSI, yet it can contribute to the method in a number of ways. First of all, slowly eluting 

compounds are prone to retention times longer than the maximum spray time
8
. Moreover, 

extended solvent supply introduces the possibility for integrated fluidic control and sample 

handling on the paper tip (e.g. online paper chromatography-MS (PC-MS) or on-paper 

chemical reactions).  

The original PSI method can provide ion spray for approximately one minute
4
. The same 

group showed that applying an excess of solvent onto the clip holding the paper in place, or 

using a hydrophilic wick suspended in a solvent reservoir, can provide extended spray time
8,9

. 

Another approach to prolong spray time involves placement of the paper tip on the nib of a 

fountain pen which is connected to a syringe pump
10

. However, such setups tend to be bulky 

and not user-friendly. 

This work describes a finger-sized PSI cartridge fabricated with a 3D-printer, designed to 

supply solvent to a paper tip for tens of minutes without the need for a pump. 3D-printing has 

been receiving a lot of attention recently, also from a scientific point of view
11–14

. Previous 

work has shown its applicability to the fabrication of fluidic devices to test drug transport 

over a membrane
14

 and to carry out chemical reactions
13

. Even more recently, transparent 

fluidic devices have been published, which enable microscopic analysis
12

. A cartridge for PSI 

has been published before, but its main purpose was to provide physical support and 

protection to the paper tip; as such it had no integrated fluidic control features
3
. 

Using capillary action to wet the paper tip via a wick suspended in a reservoir, while requiring 

no active intervention, takes a significant amount of time, as wicking is a slow process. In the 

system described in this work, a feature is added which allows fast initial wetting to overcome 
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this problem. Combined fast initial wetting and subsequent continuous solvent supply to the 

tip by passive fluid movement requires only a single application of solvent to the reservoir in 

the cartridge. A demonstration of controlled supply of solvent to the paper tip is given, which 

can be used for the generation of paper spray. Analysis can be started approximately one 

minute after solvent introduction to the reservoir and may continue for tens of minutes if 

required. The cartridge was applied to the analysis of lidocaine using different solvent 

mixtures, and lidocaine extraction from human serum. Finally, the advantage of extended 

solvent supply is demonstrated by an online PC-MS experiment in which we show differential 

retention of three dye molecules. 

4.2) Materials and methods 

4.2.1) Chemicals and disposables  

Whatman chromatography paper (Grade 1) was used as substrate for PSI. Millipore water, 

analytical-grade methanol (Biosolve BV, Valkenswaard, The Netherlands) and acetonitrile 

(Sigma Aldrich, Steinheim, Germany) were used for making solvent mixtures, abbreviated 

according to their constituents (water: H, methanol M, acetonitrile: A) and the ratio between 

them (e.g. MeOH/H2O 1:1 to MH11). Formic acid (Sigma Aldrich, Steinheim, Germany) was 

added to these mixtures to a level of 1% when used in MS experiments, unless stated 

otherwise. Lidocaine, provided by colleagues, was used as a model compound for elution 

behavior and MS analysis. Human serum (Seralab, West Sussex, UK) was used as biological 

matrix. Crystal violet (CV), Safranine O (SO) and methylene blue (MB), provided by 

colleagues, were used in an online PC-MS experiment. Polylactic acid (PLA) filament 

(Kunststofshop, Zevernaar, The Netherlands, diameter = 1.75 mm) was used as a starting 

material for 3D-printing. Isopropanol (Biosolve BV, Valkenswaard, The Netherlands) was 

used to increase the hydrophilicity of PLA. 

4.2.2) Cartridge design and fabrication 

In order to improve PSI, a cartridge was designed and produced using 3D-printing 

technology. This cartridge was made to fulfill the following specifications: (1) provide 

physical stability and protection to the paper tip; (2) facilitate alignment and positioning in 

front of an MS; (3) integrate features for fast initial wetting and subsequent continuous 

solvent supply (4) disposability. 

Designs for the cartridge were made with a 3D drawing program (SolidWorks, Waltham, MA, 

USA) and saved in *.STL format. The files were loaded into the freeware program (Repertier 

Host) that controls the hot extrusion-based 3D printer (Felix, de Meern, the Netherlands, 

version 1.5). First, a second program (Skeinforge/SFact) translated the 3D-drawing into a 

coordinates file (a process called ‘slicing’) according to specific adjustable parameters. 

Parameters that can be controlled after the slicing process are extrusion temperature and the 

heated print-bed temperature. The printing speed and relative filament throughput can be 
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regulated during a print job. The latter can be increased to achieve denser PLA layers to 

prevent leakage. Table 4.1 shows important slicing and (post-)printing parameters for the 

different parts of the cartridge: bottom, top and suspended beam parts (see Results section – 

Cartridge design for a description of the parts). After production, the parts were allowed to 

cool down and removed from the heated print bed. The top part was exposed to isopropanol 

for approximately 5 minutes before an experiment unless stated otherwise. It was found from 

experiments that this improved fast initial wetting.  

Paper structures were cut with a scalpel using a 3D-printed stencil (Figure 4.1A). The main 

body of the tip is approximately 3 cm long and has a tip angle of a little under 30
0
. A 

perpendicular cut was made to remove the most extreme point of the tip to create a stable base 

(width of approximately 0.4-0.6 mm) for Taylor cone formation during spray (Figure 4.1B). 

Two paper strips, termed hydrophilic wicks, also form part of the tip structure (see Results 

section – Cartridge design for a description of their purpose). The central hydrophilic wick is 

19.5 mm long, the second approximately 25 mm. Both wicks have a width of approximately 

1.5 mm. 

Table 4.1: Important slicing and (post-)printing parameters for the cartridge parts 

Process Parameter Bottom part Top part Suspended beam 

Slicing Resolution
a 

0.3 (xy) mm / 0.17 (z) mm 0.3 (xy) mm / 0.17 

(z) mm 

0.3 (xy) mm / 0.17 (z) 

mm 

 Infill solidity
b 

6 6 6 

 Shell nr.
c 

1 3 1 

 Support
d 

n/a Exterior only (0.2 

density) 

n/a 

Printing Filament flow 115% on first 10 layers, 

then 100% 

100% 100% 

 Extruder temp. 210
0
C 210

0
C 210

0
C 

 Print bed temp. 65
0
C 65

0
C 65

0
C 

Post-

Print 

isopropanol 

exposure 

n/a 5 min, then dry n/a 

a
 Width of a single extruded PLA thread in the x, y and z dimensions 

b
 Ratio between the volume occupied by PLA and by air in the internal regions of a printed part 

c
 Number of adjacent PLA threads defining the contours of a printed structure 

d
 Steep overhanging structures require 3D-printed support to prevent collapsing. The ratio between volume 

occupied by PLA and by air determines the density. 
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4.2.3) PSI setup 

A Sciex API 365 mass spectrometer (MS1 mode) was used to test the ion sources. A nano-

spray curtain plate was employed and a current meter was connected to measure spray 

current. The potential of the curtain plate was set at 40 V. For conventional PSI, an alligator 

clip was mounted on a 3D translational stage for precise positioning. The high voltage supply 

(HVS) was connected to the alligator clip (Figure 4.1C). The cartridge setup consisted of a 

3D-printed cartridge holder mounted to the translational stage. The cartridge contains 

openings for sample and solvent and an electrode for connection to the HVS (Figure 4.1D).  

 

 

Figure 4.1: (A) Schematic drawing (SolidWorks) of the stencil used for cutting the paper tip with dimensions of 

the different regions of the tip (paper tip, hydrophilic wicks). (B) Paper tip (expanded view); a perpendicular cut 

has been made to cut off the end of the tip. The resulting flat tip has a width of approximately 0.4-0.6 mm. A 

Taylor cone extends from the tip upon application of voltage (3 kV in this case, opposite a metal plate at ground 

potential). The solvent mixture used in this experiment is MH11. The odd pattern on the body of the tip is caused 

by reflection of light from a small excess of solvent on the tip. (C) Conventional PSI setup; (D) PSI cartridge 

setup.  

Spray voltages were in the range of 1.5-2.5 kV. Curtain gas (nitrogen), which is used for 

desolvation, was set to 5 out of 15 arbitrary steps, which depends on the configuration of 

valves. This setting was found to work well for the reported experiments. The serum analysis 
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and online PC-MS experiments were performed on a Sciex API 2000 MS, in which the 

curtain plate was grounded and a flow-regulator for curtain gas was introduced. Spray 

potentials were in the range of 3.0-3.5 kV and curtain gas flow (nitrogen) was kept at 

approximately 0.2 L/min. 

4.2.4) Experimental 

Two fast wetting characteristics were assessed: (1) monitoring the time it took to fully wet the 

paper tip with a stopwatch, and (2) measuring the amount of solvent drawn from the reservoir 

to the paper tip, by removing aliquots of 10 µL from the reservoir after fast wetting had 

ceased. This was done to assess: (1) the influence of the volume of solvent added to the 

reservoir on fast wetting (n=3 per volume) (MH11 was used); (2) the dependence of fast 

wetting on the percentage of organic solvent in the solvent mixture (n=3 per mixture). In the 

latter case, a volume of 480 µL of different mixtures with water with acetonitrile or methanol 

was introduced to the cartridge. New cartridges and paper tips were used for each experiment. 

The two setups shown in Figure 4.1C (conventional PSI) and 4.1D (PSI cartridge) were 

compared by looking at the extracted ion chromatogram (XIC) of an acetonitrile sodium 

adduct (m/z 105; 2M + Na
+
). A solvent signal was chosen for this purpose, because it was less 

influenced by interaction with cellulose than dissolved species – i.e. it is more or less 

constant. 

One µL of a 1 mM lidocaine (MW 234) solution was spotted on the paper approximately 6 

mm from the front of the tip (the front edge of the spot expanded up to approximately 2 mm 

from the spray tip) to evaluate elution properties of the cartridge. Experiments were run with 

three different solvent mixtures (MH11, AH11, MH91). Next, lidocaine was spiked into 

human serum at a 0.1 mM concentration and 1 µL was spotted on the absolute front of the tip. 

The analysis was carried out with MH41 as spray solvent. Finally, approximately 0.2 µL of a 

mixture of CV, SO and MB (all 0.6 mM) was spotted on a paper tip (approximately 10 mm 

from the front of the tip) using a glass capillary and eluted with MeOH without formic acid. 

The individual dyes were eluted over 2 cm on chromatography paper with methanol as offline 

controls. One μL of a 2 mM solution was used for all compounds. 

4.3) Results and discussion 

4.3.1) Cartridge design 

Based on the observation that fluids move much faster between paper and PLA than through 

paper alone, systems were designed for a PSI cartridge that could be used almost directly after 

filling the solvent reservoir, but also for an extended period of time. Figure 4.2A and 4.2B 

show the bottom and top parts of this cartridge, respectively. Figure 4.2C and 4.2D show 

schematics (cross-sectional view along the length) of the cartridge parts. The bottom part 

consists of a solvent reservoir (1) and a chamber (2) for the paper tip, which are connected by 
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pathways for two hydrophilic wicks. A separately printed suspended beam (3) part is placed 

in the reservoir (1) of the bottom part. The paper tip is inserted in the bottom part as well, 

with the central hydrophilic wick (i) placed over the suspended beam (3). The second 

hydrophilic wick (ii) is suspended over a cavity (6), to isolate it from the PLA and thus inhibit 

any fluidic movement between paper and PLA. The top part contains a solvent guide structure 

(5), which is positioned above the central hydrophilic wick (i) and allows fast solvent 

transport between paper and PLA. When the solvent level in the reservoir (1) is above a 

certain height, the central hydrophilic wick (i), which is encapsulated by PLA structures (3, 

5), is in contact with the fluid and thus fast movement of this fluid occurs (Figure 4.2E). 

When the fluid level drops below the end of the central hydrophilic wick (i), this supply is no 

longer possible and fast wetting stops (Figure 4.2F). Afterwards, continuous slow supply of 

solvent is ensured by the second hydrophilic wick (ii) suspended over a cavity (6) and down 

to the bottom of the reservoir (Figure 4.2A). This allows slow solvent supply via the paper, as 

long as there is solvent left in the reservoir (the second hydrophilic wick is not visible in 

Figure 2 4.C-F). In the paper tip chamber (2), a PLA ridge runs below the paper, from the 

base to the spray tip. This ridge serves as a solvent guide structure as well, as it quickly 

distributes the solvent over the entire paper tip. 

 

Figure 4.2: 3D-printed cartridge for PSI with solvent supply features. (A) Bottom part with paper substrate. The 

central hydrophilic wick (i) is positioned over a suspended beam (3); the second wick (ii) is in contact with the 

bottom of the reservoir (1), but also suspended over a cavity (6) in the cartridge. (B) Top part with solvent guide 

structure (5) towards the rear (right). (C) Schematic, cross-sectional view along the length of the bottom part (the 

thin white line represents the paper tip) (D) Closed cartridge. The solvent guide structure (5) on the lid contacts 

the central hydrophilic wick (i). (E) When the reservoir (1) is filled, fluid will slowly move through the paper 

wick by capillary action and swiftly between the paper and the PLA guide structures. (F) When the fluid level 

drops, this latter movement stops and only slow supply via the second hydrophilic wick (ii) remains. 

During development of the cartridge, it was observed that cartridges showed different wetting 

behavior when reused. It became apparent that exposure of PLA to organic solvents modified 

the surface so that it became more hydrophilic. Unexposed PLA cartridges had longer wetting 

times than exposed structures. PLA modification by conditioning in isopropanol occurs after 
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only a short period of exposure, namely one minute (Figure S4.1, supplementary information 

(SI)). There is no evidence that there is a further increase in hydrophilicity after longer 

exposure times and it suffices to state that exposing PLA for approximately 5 minutes to 

isopropanol benefits wetting behavior. All further wetting experiments were performed after 

conditioning the solvent guide structure on the lid in isopropanol for 5 minutes. 

Due to the use of small channels and supporting structures for the paper tip, retention of 

solvent and sample, respectively, could be potential sources of contamination in subsequent 

experiments. These carry-over effects can be prevented by cleaning of the cartridge 

afterwards, yet a more practical solution is to discard them after use, as both the paper and the 

PLA have a negligible cost.   

4.3.2) Fast initial wetting 

The results of the wetting characterization are shown in Figure 4.3. The averages for wetting 

time (A) and the amount of solvent that was drawn towards the paper tip (B) are plotted 

against the percentage of organic solvent in the solvent mixture. Error bars show the standard 

deviation for each average (n=3 per data point). 

For acetonitrile, a content of 25% or higher in water led to fast reproducible wetting. For 

methanol this is observed for aqueous mixtures with a content of 50% methanol or higher. At 

25% methanol (not shown in Figure 4.3), wetting was not reproducible; one out of three 

cartridges showed no fast wetting, while the other two showed this to some extent. For all 

solvent mixtures used, with the exception of 25% methanol, fast wetting could be obtained in 

under 1.5 min. Especially for solvent mixtures containing greater amounts of organic solvent, 

wetting times were characterized by small standard deviations. 

 

Figure 4.3: Wetting characterization of the PSI cartridge. (A) Wetting time and (B) wetting volume are plotted 

against the methanol or acetonitrile content of the solvent-water mixture (after 5 min. isopropanol exposure; 480 

µL solvent introduced to the cartridge). 

In a limited number of cases, minor overflow of solvent into the cavity surrounding the 

solvent reservoir was observed when working with a high organic-solvent content. This has 

no negative effects on the present system, as the cavity was designed to serve as an overflow 

chamber. If one would want to prevent this, however, the simple solution would be to increase 
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the height of the walls of the solvent reservoir or use a more hydrophobic material for the 

bottom part. 

At this point, deeper insight into the actual physics behind the fluidics in this system is 

required for a better interpretation of the data. Movement of a liquid through a porous 

material such as cellulose paper is based on capillary action. In 1921 Edward Washburn 

published a paper on ‘the dynamics of capillary flow’
15

, describing how movement of a liquid 

through a capillary is based on cohesive forces within the liquid and the interaction between 

the capillary and the liquid, which are both based on surface tension, γ (N/m). Capillary action 

in a vertically positioned capillary allows movement of fluid above the level of the fluid it 

originated from without external displacement (e.g. pumps). In a rectangular paper strip, 

which can be seen as a collection of parallel capillaries, velocity of the fluid front through the 

paper, driven by capillary force, can be expressed using the Washburn equation
15

: 

dl

dt
=

[
2γ
r cos θ −  g ∙ D ∙ lssinψ]r2

8ηls
 

Equation 4.1 

In Equation 4.1, g is the gravitational acceleration on earth (m/s
2
), D the density of the fluid 

(kg/m
3
), ls the length of the fluid front (i.e. the distance the fluid has traveled (m)), ψ the angle 

between the capillary and a horizontal axis (degrees), r the radius of the capillary (m), θ the 

contact angle between the fluid and the solid material (degrees), and η the viscosity of the 

fluid (N∙s/m
2
). This equation shows that the linear flow rate decreases inversely to the 

distance traveled by the fluid when the paper is positioned horizontal, a condition under which 

gravitational forces can be neglected (i.e. the second term in the nominator goes to zero). 

Multiple papers have been published on deviation from Washburn flow in nonrectangular 

strips
16–18

. Simply put, when a diverging geometry is implemented, the supply of fluid needs 

to be divided over a larger area, thus slowing down expansion of the fluid front. In this work, 

the main body of the paper tip is fed with solvent via one or two small strips, which means 

deviation from Washburn flow and thus slower front progression. If wetting solely relied on 

capillary action with these paper tips, it would take over ten minutes to fully wet a tip after 

filling the solvent reservoir. Figure 4.3 shows wetting times of approximately one minute, 

clearly indicating that additional factors besides capillary wetting of the paper alone are 

involved in the wetting process.  

As already alluded to, fast initial wetting of the paper tip depends on the incorporation of the 

solvent guide structure in the lid of the cartridge. Made from PLA, this structure is in direct 

contact with the paper tip. It is the flow of solvent between paper and the guide structure that 

enables the fast wetting process. When configurations other than a capillary are used, such as 

(rough) surfaces or open (rectangular) channels, the wettability of a material by a solvent 

provides more insight into its wetting characteristics than capillary action. Table 4.2 provides 
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values for the surface tension (in contact with air) (γ), contact angle with PLA (θ) and 

viscosity (η) for water, methanol and acetonitrile.  

Table 4.2: Physical properties of water, methanol and acetonitrile at 20
0
 Celsius involved in capillary action and 

wettability of PLA 

Solvent γ (mN . m
-1

) θ on PLA(
0
) η (mN . s / m

-2
) S** (PLA) 

Water 72.88
19

 61.4
20

 1.002
21

 -37.54 

Methanol 22.50
19

 <10*
22

 0.581
23

 -0.34 

Acetonitrile 29.29
19

 <10*
22

 0.354
24

 -0.44 

* not measured on PLA, but surfaces which gave a similar contact angle for water 

** determined using Young’s relation, assuming a mechanical equilibrium 

The coefficient of spreading (S) relates surface tension of the solid/gas (γSG), solid/liquid (γSL) 

and liquid/gas (γ) interfaces and is a measure for the wettability of a specific material by a 

specific liquid
25

: 

S =  γ𝑆𝐺 −  γ𝑆𝐿 −  γ 

Equation 4.2 

From Equation 4.2, a positive value of S means complete wetting, whereas a value of S which 

is more negative than -2γ indicates non-wetting, and intermediate values of S (0 > S > -2γ) 

indicate partial wetting. In the case of partial wetting, a mechanical equilibrium can be 

achieved, which is described by Young’s relation
25

: 

cosθ =  
S

γ
+ 1 

Equation 4.3 

Assuming a mechanical equilibrium, which is in line with the static conditions used to obtain 

the values for θ in Table 4.2, Young’s relation can be used to calculate S for the different 

solvents used in this work. These results are also given in Table 4.2. As all solvents have a 

value for S which is in the partial wetting domain, all three should be able to wet the PLA. 

However, it is clear that wetting by methanol and acetonitrile is favorable over wetting by 

water, due to better matching surface energies. This can be found as well in the results shown 

in Figure 4.3, which shows that wetting times can be shortened by increasing the percentage 

of organic solvent. 

Although wettability of PLA is apparently an important parameter for the occurrence of fast 

wetting, this does not fully explain the observed fast wetting behavior. It has been shown that 

in the case of two plates of the same material placed in close proximity, capillary action 

indeed occurs, leading to movement of fluid between them
26

. A simple test to prove that this 
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also happens between paper and a (partially) wettable solid surface is to insert a piece of 

paper vertically in a glass container filled with a layer of liquid, as would be done in e.g. 

paper chromatography experiments. Slow wicking of fluid up into the paper is observed as 

expected. However, when the paper is brought in contact with the glass, the wetting proceeds 

much faster. The reason for this is a form of capillary action between the paper and the glass, 

which creates and transports a fluid film in between the two surfaces. This effect can be 

exploited to move larger volumes of liquid faster, as demonstrated by the accelerated wetting 

of the paper when in contact with glass. The same goes for paper in contact with any polymer 

substrate and liquid, as long as the polymer can be (partially) wetted by the solvent. This type 

of fluidic behavior can prove useful for some purposes, as it can result in movement of 

relatively large volumes of liquid. It is, however, difficult to maintain an exact and constant 

distance between the flexible paper and a solid plate. This is in contrast to the inside of a 

capillary or the pore distribution in a strip of paper, whose wetted dimensions remain fixed. 

Factors such as the smoothness of the polymer surface and its shape play important roles 

when considering wettability
27

. The vertical guide structure on the top part of the cartridge 

was built up from horizontal layers during 3D printing which resulted in horizontal grooves. 

If there are grooves on the surface of a plate, solvent droplets tend to elongate parallel to the 

grooves. This basically means that spreading/wetting is facilitated in the direction parallel to 

the grooves, and it is more difficult to obtain spreading between grooves
27

.  

 

Figure 4.4: Schematic representation of the hypothesized mechanism for fast fluid movement between a PLA 

surface and a strip of paper placed in close proximity. (A) The two materials are suspended above a liquid 

container. (B) When they are dipped into the fluid, liquid wicks through the paper’s porous cellulose network by 

capillary action, against gravity. (C) For the wetted paper, the surface is completely wettable, while only partial 

wetting occurs over the PLA for most liquids. (D) The fluid motion over the paper surface facilitates the wetting 

of PLA due to the small spacing between the two surfaces. (E) Finally, capillary action between the two wetted 

surfaces causes fast movement of relatively large volumes of liquid. 

In the absence of a paper wick, no fast wetting was observed in the PSI cartridge with any 

solvent mixture, indicating that the paper is crucial for the observed fluid movement. Also, 
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when pure water was used, no fast wetting could be achieved (not shown in Figure 4.3), 

which was contrary to what happened when pure methanol or acetonitrile were used. This 

confirms the importance of the wettability of the PLA and indicates that the wetting 

mechanism is based on the combination of (1) a (partially) wettable solid surface and (2) a 

hydrophilic wick in close vicinity of the solid surface.  

These observations lead to the following hypothesis for the wetting mechanism, based on 

capillary action. Capillary action has to be the driving force behind fluid movement between a 

solid polymer plate and a piece of paper, yet it is not possible to apply the Washburn equation 

to such a situation. This is because the materials have different contact angles with the 

solvents (leading to differences in spreading over the surfaces), and, importantly, transport is 

not taking place in a cylindrical capillary. When paper is wetted by a liquid (Figure 4.4B), the 

wetted paper represents a new surface which can be completely wetted by that same fluid. 

Due to surface tension, a certain amount of liquid can be ‘dragged’ along upwards (Figure 

4.4C)
28

. If there is another (partially) wettable polymer surface in close proximity, its wetting 

is facilitated by the described movement of liquid over the wetted paper (even if wetting of 

this surface by the liquid (against gravity) would not occur spontaneously) (Figure 4.4D). 

Now there are two wetted surfaces, paper and polymer, and capillary action occurs readily 

between them (Figure 4.4E). 

When comparing the two types of solvent mixtures (methanol/water and acetonitrile/water) it 

is observed that wetting times are shorter for acetonitrile. This is in line with the values from 

Table 4.2 in relation to capillary action, as acetonitrile has a larger surface tension and a lower 

viscosity. The importance of PLA wettability by methanol and acetonitrile is confirmed by the 

difference between wetting characteristics of mixtures with low and high water content. Good 

wetting of PLA is obtained for both methanol and acetonitrile, which in turn translates into a 

cos(θ) of nearly 1 and almost identical values for S (i.e. in this case small differences are 

negligible). So, when comparing the two solvent mixtures, it is in fact mainly the difference in 

cohesive forces which causes the difference in wetting time, rather than their interaction with 

the solid material.  

There is no significant difference between solvent mixtures with respect to the average 

amount of solvent that is drawn to the paper tip. Excluded from this consideration is 25% 

methanol, as no consistent fast wetting occurred. Figure 4.3B also shows that the amount of 

solvent that goes to the paper tip can be fairly well controlled (i.e. the error bars are marginal). 

Furthermore, the wetting volume increases proportionally when the amount of solvent 

introduced to the reservoir is increased (Figure S4.2B, SI). Wetting times are not significantly 

different when different amounts of solvent are added to the reservoir (Figure S4.2A, SI).  

Variation in wetting time and volume can be caused by a number of factors. Small variations 

in the fabrication process (e.g. imperfections on the structures) due to limited resolution of the 

printer or different exact lengths of the central hydrophilic wick could affect reproducibility. 
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This is of little relevance, however, as the paper is wetted quite reproducibly with good 

control of the amount of solvent that reaches the paper tip. Upon visual inspection, not a 

single cartridge showed signs of flooding of the paper tip. 

The key result is that the fast wetting feature is compatible with a number of important 

solvent mixtures: (1) AH11 - which is often used as an electrospray solvent; (2) MH11 – 

which is the solvent with which PSI was developed
4
; (3) MH91 – which has been recognized 

as a good spray solvent for analysis of dried blood spots (high methanol percentages in 

general)
29,30

.  

It should be possible to expand the range of solvents that can be used in this system, simply 

by changing the material from which the cartridge is manufactured. A more hydrophilic 

material could be used for mixtures with low organic solvent content, while a more 

hydrophobic material could be suitable for solvents with low cohesion. 

4.3.3) Continuous solvent supply 

 

Figure 4.5: XICs (m/z 105: acetonitrile 2M+Na
+
) obtained by using (A) a conventional PSI setup and (B) the 

cartridge setup. Blue arrows indicate when solvent was applied to the paper tip. 
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After fast initial wetting, a continuous supply of solvent is ensured by the second hydrophilic 

wick. It has been demonstrated that the main transport mechanism through paper in PSI is 

bulk solvent movement, induced by a negative pressure. This negative pressure is generated 

by the application of potential and subsequent spray from the tip
3
. 

When spray was generated from a basic PSI setup (Figure 4.1C), a typical XIC as depicted in 

Figure 4.5A was obtained, which shows a graph of signal intensity for a m/z window of 1, for 

an acetonitrile peak (2M+Na
+
). Solvent had to be applied a number of times (indicated by 

blue arrows) to keep the spray going. Despite the large excess of solvent that was applied, 

spray could be obtained for a maximum of approximately ten minutes. This excessive wetting 

also led to warping of the paper tip with its adverse consequences for spray stability. When 

the cartridge setup (Figure 4.1D) was used for continuous supply, spray was obtained 

continuously for tens of minutes (Figure 4.5B). This figure shows that a significant increase in 

spray duration can be achieved with the cartridge. Signal stability in both figures is similar, 

i.e. both show fluctuations. These fluctuations are not unexpected, as paper tips often have 

frayed ends at which local electric fields can be very high. When spray is generated from 

these microstructures, it cannot be expected to be stable for tens of minutes, due to scorching 

or realignment of the paper fringes. However, despite a certain degree of instability in spray 

signals, quantitative analysis with PSI has been demonstrated previously, by employment of 

an internal standard
9
. A spray current of a few nA was usually measured in our experiments. 

4.3.4) Lidocaine analysis 

Different solvent mixtures (MH11, MH91 and AH11) were successfully tested with the 

cartridge for the elution and MS detection of lidocaine, spotted on the paper tip (Figure S4.3, 

SI). Although lidocaine is of itself not of particular interest for paper-based assays, it serves as 

a representative for the large group of basic, low-molecular-weight therapeutics. The highest 

intensity for lidocaine was usually observed after several minutes, underlining the added value 

of a PSI system that can analyze a sample for an extended period of time.  

In the analysis of simple solutions, such as the lidocaine solution, signal is obtained not only 

for the solvent and lidocaine, but for numerous other molecules as well. Some are easily 

recognizable, such as the signal at m/z 301, which is probably a commonly encountered 

sodium adduct of the plasticizer, dibutylphthalate 
4
; others are not. We suspect that most of 

these peaks are contaminants, extracted from the PLA and paper by the organic solvents. In 

the future, different materials could be considered for the fabrication of the cartridge, should 

contaminants pose a problem. 

Next a human serum sample (0.1 mM lidocaine) was spotted on the paper and analyzed. 

Figure 4.6 shows an average spectrum of 1 minute of data collection (0.5-1.5 min). The inset 

shows only m/z values between 200 and 300, in which the lidocaine signal is clearly observed. 

This demonstrates that the PSI cartridge can be used to actually analyze compounds from a 
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biological matrix. In order to optimize sensitivity, the sample could be spotted more to the 

rear of the paper tip, creating a longer pathway for extraction and/or separation of 

components. In such a case, extended spray time is even more important.  However, longer 

pathways also induce more dilution/diffusion, so future work will focus on minimizing spot 

size and preventing lateral diffusion. Substrates other than cellulose paper could also be of 

interest in preventing such effects (e.g. silica-coated paper
31

). 

 

Figure 4.6:  Analysis of lidocaine (0.1 mM) from a human serum sample. One µL was spotted on the front of 

the paper tip and eluted with MH41 (480 μL). The inset shows only m/z values between 200 and 300. 

4.3.5) Online Paper Chromatography (PC)-MS 

To demonstrate the relevance of control over solvent supply, an online PC-MS experiment 

was performed (Fig. 4.7). In order to obtain a sufficient supply of pure methanol and higher 

flow rates, an additional hydrophilic wick for continuous solvent supply was introduced to the 

cartridge for this experiment on the opposite side of the central wick. Also, the solvent guide 

structure in the paper tip chamber was removed, to generate a progressing solvent front, 

suitable for PC. As a result, it took slightly longer to fully wet the paper tip (approximately 2 

minutes). The XIC, an average spectrum of 1 minute of measurements (grey area in the XIC) 

and an offline PC experiment are shown for CV (Figure 4.7A), SO (Figure 4.7B) and MB 

(Figure 4.7C). Not only does this figure clearly shows peak-shaped elution profiles and 

differential retention between the three compounds, but the elution profiles and order also 

correspond with the offline PC experiment.  

These results indicate that the reduction of complexity of samples can be achieved using such 

a platform. Importantly, this experiment was performed over merely 10 mm of 

chromatography paper, and the MS detection allows visualization of individual elution 

profiles of compounds which would not be distinguishable in an offline separation 
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experiment. Similar to the lidocaine analysis, PC-MS could be improved in a number of ways, 

such as optimization of stationary phase and by limiting sample spot size and sample 

diffusion during elution.   

 

Figure 4.7: Online PC-MS is demonstrated by the differential retention of three dyes: CV, SO and MB. A XIC, 

an average spectrum of measurements over 1 minute (grey area) and an offline PC control experiment are shown 

for (A) CV, (B) SO and (C) MB. Methanol was used as mobile phase/spray solvent (470 μL). The mixture was 

spotted approximately 10 mm from the spray tip. 

4.4) Conclusion and outlook 

In this work, a demonstration of a 3D-printed cartridge for expanding the applicability of PSI 

is given. By using carefully designed guide structures for solvent, in combination with a 

hydrophilic wick that connects a body of paper to a fluid reservoir, favorable fluidic 

movement can be achieved. For a number of important solvent mixtures for PSI, analysis 

could be started within a minute after a single application of solvent into the reservoir. Spray 

could be sustained for tens of minutes, enabling the analysis of slowly eluting compounds and 

or optimized extraction of analyte from complex matrices (e.g. dried blood spots). An 

additional advantage of the system is that it requires no pumps or other external devices to 

achieve immediate and continuous wetting. A proof-of-principle experiment for online PC-

MS has also been described, underlining the potential for separation of compounds on the 

paper tip itself and subsequent reduction of complexity of e.g. blood samples. 
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This work also demonstrates the utilization of a 3D-printer as a fabrication method, with a 

number of advantages, such as low cost, fast production time (no workshop required) and the 

applicability to fast prototyping. 

Before the cartridge was finalized to the design reported in this work, 150 different designs 

for the top part and 181 different designs for the bottom part had been made and tested. The 

total period of time invested in making these designs was approximately six months, which 

means at least one new cartridge on average was designed, produced and tested each day. 

Future work will focus on increasing spray stability and integrating features for quantitative 

analysis of samples. Another application for this type of system could be found in the field of 

paper microfluidics, where existing systems are mostly limited to fluid distribution by 

capillary action through the paper. By integrating paper microfluidic devices in cartridges like 

the one described in this work, more possibilities for increased performance and user-

friendliness could be achieved.  
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Figure S4.1: Wetting characterization of the PSI cartridge. (A) Wetting time and (B) wetting volume are plotted 

as a function of the duration of isopropanol conditioning of the solvent guide structure. A volume of 480 µL 

MH11 solvent was used for each experiment. 
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Figure S4.2: Wetting characterization of the PSI cartridge. (A) Wetting time and (B) wetting volume are plotted 

as a function of the amount of solvent that was introduced into the solvent reservoir. The solvent guide structures 

were conditioned for 5 minutes in isopropanol after 3D-fabrication. MH11 solvent was used for each experiment. 
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Figure S4.3: (A), (B) and (C) show XICs of a solvent peak (A: ACN, m/z 105, 2M+Na
+
 / B,C: MeOH, m/z 65, 

2M+H
+
), the lidocaine peak (m/z 235) and a mass spectrum at highest lidocaine intensity (indicated by a blue 

arrow in each XIC at m/z 235) for spraying with ACN/H2O/FA 50/50/1 (m/z 105), MeOH/H2O/FA 50:50:1 (m/z 

65) and MeOH/H2O/FA 90:10:1 (m/z 65), respectively. In all cases, the lidocaine signal assumes a ‘peak’ shape 

in the XIC, which can be explained by its gradual elution from the paper (middle column). In these examples, 

MH91 yields the best elution properties – i.e. the highest signal intensity and shortest time to reach maximum 

intensity. 
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