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CHAPTER VIII 

AIR FLOW-BASED CONCENTRATION FOR PAPER MICROFLUIDICS 

WITH A 3D-PRINTED CARTRIDGE 
 

Abstract 

In this work, we introduce a 3D-printed cartridge for 3D paper microfluidics. Both the shift 

from 2D to 3D paper microfluidics and the implementation of 3D-printed polymers facilitate 

the transition towards significantly higher levels of integrated functionality for inexpensive 

analytical approaches. The cartridge that is presented here can be loaded with stacks of 

paper disks in such a way that pre-loaded paper disks can be kept in close proximity, without 

contamination by compounds on adjacent disks. The design also allows the easy loading of 

solid powdered material such as cellulose between layers. This manuscript describes the 

important design steps that were taken to obtain the final design presented here. The most 

important innovation is the integration of an air duct and air distribution manifold in the 

cartridge. Via this network, an air flow can be applied to the paper disk at the bottom of the 

stack to enhance evaporation. The regions dried in this way can act as a capillary “engine” 

to continuously pull analyte molecules towards this region, thereby effectively concentrating 

them. The employment of this cartridge was shown to improve the limit of detection in the 

quantitative analysis of blue food dye. Furthermore, we demonstrate that we can improve the 

LOD even more using this concentration approach by increasing the sample volume 

analyzed. 
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8.1) Introduction 

Porous materials such as paper and paper derivatives have been used in analytical tests for 

decades
1–4

. While some of those, such as the pregnancy test
1
, have remained popular over the 

years, other applications, such as chromatographic separation
4,5

, have become less used after 

having been surpassed by modern technologies. However, in recent years, we have seen 

renewed interest in working with porous materials like paper. Paper is at the core of relatively 

new research areas, such as paper microfluidics
6–10

, dried blood spotting
11–14

, and paper spray 

ionization
15–17

. This increase in popularity can be attributed to a general drive towards making 

analyses less expensive, as well as portable so that they might be performed on-site. 

Furthermore, the user-friendliness of such tests is becoming increasingly important. 

In early paper microfluidics, paper was patterned with hydrophobic material to guide fluid 

flows through the porous network of hydrophilic cellulose fibers
3,4,18

. While many focused on 

applying such paper microfluidic tools (popularly termed micro paper analytical devices 

(µPAD)
19

), others explored venues for next-gen paper microfluidics, which implement 

functionalities including valves
20,21

 and fluidic timers
22,23

. Furthermore, 3D paper 

microfluidics was introduced, in which different layers of both hydrophobic and hydrophilic 

materials are stacked. The addition of a third dimension significantly increased the potential 

for functionalization of the devices
19,24

. More recently, hybrid paper microfluidic devices 

were introduced, which integrate the paper into a different material, such as a polymer 

cartridge, to further functionalize the device
25

. While these developments are promising, the 

paper microfluidic toolbox is still far from full.  

One crucial drawback of many (colorimetric) paper-based assays is a poor limit of detection, 

or an inability to measure low concentrations. In conventional microfluidics, or even more 

generally in analytical chemistry, we can overcome this issue by the implementation of a 

(pre)concentration step. This is no different when using paper, except that the options 

available for preconcentration are somewhat limited. Ion Polarization Concentration has been 

successfully implemented to this end
26

, but it is associated with additional fabrication 

complexity and additional instrumentation. One other approach, which we have recently 

demonstrated, is to preconcentrate by drying aqueous sample inside the confined space of a 

selectively permeable barrier
27

, which is a pattern that is impermeable to water, but can be 

penetrated by the addition of alcohols. Concentrated compounds can therefore be eluted by 

switching to such an alcohol-containing solvent system. However, this approach takes some 

time, and places constraints upon the range of solvents that can be used (only aqueous sample, 

and only non-aqueous solutions as eluent). 

In this work, we introduce a new, barrier-free method to concentrate sample for paper-based 

assays. Our devices consist of a multi-component, 3D-printed cartridge with integrated air 

ducts, a packed cellulose column and paper disks for reagent storage and read-out. 

Compressed air can be guided to specific regions of the paper collection disk, where it 
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facilitates solvent evaporation, thereby inducing solvent transport by capillary flow to those 

specific regions. This mechanism for molecular transport to and preconcentration in a specific 

region is reminiscent of the coffee stain effect, in which solutes are concentrated at the 

perimeter of a stain by evaporation-induced solvent flow. However, our approach is different 

in that it employs active and localized evaporation. We demonstrate that quantification by 

colorimetry is easily achieved with this system. Furthermore, limits of detection can be 

improved by increasing the sample volume analyzed. 

8.2) Cartridge Concept 

Initially there was a dual motive for the development of cartridge-based paper microfluidics. 

First of all, working with 2D-patterned paper is limited by the resolution of the patterning 

approach. Often, hydrophobic barriers defining paper microfluidic channels have a thickness 

of about 1 mm or more. They thus occupy space in a device that can as a result no longer be 

assigned to functional structures such as chambers, channels or control units. Secondly, the 

integration of different materials in solid (powder) form in a flat piece of paper is highly 

challenging. Therefore, the initial design (see Table 8.1, #1) of the cartridge was constructed 

as an open cylinder into which both dry paper disks and different powders (between disks) 

could be loaded. A disk pre-loaded with one reagent can be placed directly next to a disk with 

the second reagent. If direct contact between reagents is unwanted, spatial separation can be 

achieved by implementation of an untreated intermediate disk. Furthermore, materials in 

powder form may be introduced between disks. Cellulose may be used, for instance, to keep 

reagents in different paper layers from contacting each other, as well as to provide more 

precise control over solvent delivery flow rates. The powder could also contain material of a 

metallic nature, such as zinc, which may be used to electrochemically reduce certain analytes 

like nitrate
28

. Sample can be loaded from above into the cartridge and eluted through the stack 

by addition of a solvent. Starting with Design #1, a number of iterations evolved to lead to the 

final design presented in this work. The crucial development steps are summarized in Table 

8.1. The most relevant addition to Design #1 during this process was the introduction of an 

inlet for compressed air, which is distributed internally through a manifold of ducts in the 

cartridge. This air is released above the lowest paper disk in the stack on which the molecules 

of interest are collected for subsequent detection. The implementation of these air nozzles 

leads to facilitated evaporation of solvent in the exposed regions, inducing solvent flow 

towards those regions. This proces in turn causes deposition, and thus concentration of the 

molecules of interest, similar to what is observed on the perimeter of coffee stains. In the final 

design (Design #4), softer, deformable parts are introduced into the cartridge to obtain air-

tight seals to optimize this concentration effect and minimize the required air pressure. 
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Table 8.1: Development of the 3D-printed cartridge. Cartridges are presented in their cross-sectional view.  

# Design Schematic cross-sectional 

view* 

Operational 

features 

Drawbacks 

1 

 

 

+ Easy loading of 

column material 

+ Vertical resolution 

for loading of reagents 

+ Sample is eluted onto 

the collection/readout 

disk 

- Uneven spreading 

on collection disk 

-Spreading up to the 

end of the 

collection/readout 

disk 

- Elution stops as 

soon as 

collection/readout 

disk is saturated 

     

2 

 

 

+ Integrated air-flow 

and delivery 

+ Concentrating of 

sample due to air-

drying-induced coffee 

stain effect 

- Uneven 

concentrating effect 

by air-drying 

- Uneven spreading 

on 

collection/readout 

disk 

3 

 

 

+ Integrated air 

distribution network 

+ Good air distribution 

+ Control over solvent 

flow by choosing 

cellulose density 

+ Sample concentration 

effect in desired shape 

(ring) 

- High air pressure 

required for 

sufficient 

evaporation 

- rigid PLA and 

rough surface of 

bottom cap can lead 

to leakage 

- Difficult to load 

cellulose 

4 

 

 

+ Easy filling from 

above 

+ Sealing and 

pressurization with cap 

+ Flexible ring and tube 

structures make for a 

tight seal on the paper 

+ Smooth surface of 

bottom cap due to 

reverse printing 

+ Used for quantitative 

analysis 

- Prototype stage 

- Cartridge 

reproducibility 

suffers from limited 

resolution of the 

3D-printer 

* (1) Top cap; (2) Hull; (3) Base cap; (4) Air inlet; (5) Air distribution network; (6) Flexible funnel; (7) Flexible 

O-ring; (8) Sample/reagent paper disk; (9) Cellulose column; (10) Collection disk 
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8.3) Materials and Methods 

8.3.1) Chemicals and Disposables 

Polylactic Acid (PLA, Easyfil, Formfutura, Nijmegen, The Netherlands) and Arnitel (FlexiFil, 

Formfutura, Nijmegen, The Netherlands) filaments were used for 3D printing rigid and more 

flexible parts respectively. Whatman Grade-1 chromatography paper was used for making 

disks for reagent storage and collection. Cellulose powder (Sigma Aldrich) was used as 

column material. Blue food dye (Jo-La, E131, Bharco Foods, Braambrugge) was used as a 

model compound to test (i) elution behavior through the devices, (ii) quantitative 

performance, and (iii) concentration effect to improve the limit of detection (LOD). The dye 

shows little retention on paper and cellulose. The initial concentration of the dye solution was 

arbitrarily set to ‘1’. The dye solution was diluted a number of times to yield solutions with 

relative concentrations ranging from 0.5 (1:1 dilution) to 0.001 (1:999 dilution).  

8.3.2) Cartridge design and fabrication 

Cartridges were produced with a fused deposition modeling (FDM) 3D printer, which 

deposits threads of molten filament to form a 3D object. The process for cartridge design and 

fabrication via FDM is explained extensively in previous work for a paper spray ionization 

application
25

. In short, it involves the use of computer-aided design (CAD) software 

(Solidworks, Waltham, MA, USA) to make the model, which is then converted to a printable 

format (GCode) by slicing software (Skeinforge/SFact). The printer (Felix v.3, Felix, de 

Meern, The Netherlands) is operated by Repetier Host freeware. Cartridges were tested after 

production for leakage in the air distribution network, by submerging them in a water bath, 

while applying air to the air inlet. Cartridges that exhibited leakage were discarded. 

8.3.3) Device fabrication and operation 

Figure 8.1 schematically demonstrates how the cartridge (Design #4) is assembled and used 

(see Supplementary Information (SI) Figure S8.1 for photographs of the components). The 

inlet for air to concentrate sample is in the hull of the cartridge. A collection disk is placed in 

this hull, which is sealed from below by a cap. An Arnitel O-ring is placed in between the hull 

and the cap to produce an air-tight seal. Next, an Arnitel funnel is inserted into the hull from 

above, and loaded with paper disks and cellulose powder. The Arnitel funnel is shaped like a 

cone, pointing down (diameter = 8 mm at the top; diameter = 4 mm at the bottom), which was 

done in order to prevent sample retention in the core of the cellulose column. Finally, a top 

cap with a downward protruding, cylindrical hollow post is inserted into the funnel, with the 

post pushing down onto the paper disks and cellulose powder. This serves to compress the 

contents of the funnel. The top cap also presses the flexible funnel onto the collection disk to 

seal the interface. Sample (10-100 µL) is introduced to the cartridge by inserting a 

micropipette into the hollow post and depositing the liquid via a single application directly 

onto the top paper disk. The sample wicks into the porous column and is subsequently eluted, 
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without waiting for the sample to dry. Solvent for elution towards the collection disk is added 

through and around the hollow post in the top cap. Air pressure (0.2-0.3 bar) is applied to the 

air inlet, which causes the analyte of interest to concentrate in a ring around the Arnitel funnel 

on the collection disk. 

 

Figure 8.1: Schematic drawings of the assembly process of the 3D-printed cartridge for paper microfluidics, 

with air ducts for analyte concentration. First, an Arnitel O-ring is positioned into the hull, followed by the paper 

collection disk, after which the bottom of the device is closed by the base cap. This creates pressure on the O-

ring, thus sealing it tightly to the paper. Next, an Arnitel funnel is introduced from the top. The funnel is then 

filled with paper disks (which might contain reagents) and powder (in this case cellulose) in the desired order. 

Finally, the device is closed from the top with a cap. By doing so, the funnel is pressed onto the paper, sealing it 

off tightly, and the cellulose is compressed to a certain density according to the available space. The device is 

used by applying sample through the top cap. Solvent is then added to elute the sample downwards to the 

collection disk. Air (0.2-0.3 bar) is applied around the funnel onto the collection disk to concentrate sample in 

this area. 

8.3.4) Device characterization 

8.3.4.1) Cellulose density 

Cartridge Design #3, which is essentially a simplified version of the device shown in Figure 

8.1, was used to test different cellulose densities for the effect on solvent flow rate through the 

device. Solvent flow rates through the column were tested by packing a fixed volume (340.7 

µL) in the cartridge with varying amounts of cellulose powder, namely 120, 140 and 160 mg. 

This corresponds to densities of respectively 0.35, 0.41 and 0.47 mg/mm
3
. The cartridges 

were filled by applying the cellulose in four aliquots, which were compressed with a set of 

stamps to 25, 50, 75 and 100% of the column volume (see SI Figure S8.2). To measure 
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solvent flow rates, strips of chromatography paper were inserted sideways into the bottom of 

the column; these strips had markings indicating distance (see SI Figure S8.2 for the test 

device used to determine flowrates). The cartridges were loaded from the top with eluent and 

the time it took for the liquid to reach each of the markings was recorded with a stopwatch. 

The experiment was performed with 300 µL of a 1:1 (v/v) mixture of 0.1M HCl in 

water/methanol in triplicate. 

8.3.4.2) Air pressure 

To study the effect of air pressure on the concentration of analyte on the collection disk, 

cartridges (Design #3) with different cellulose loads (120, 160 and 200 mg) were loaded with 

blue dye solution (10 µL, relative concentration of 0.5) and eluted with 300 µL 1:1 (v/v) 

methanol/0.1M HCl in water. During elution, air was supplied via the air inlet at constant 

pressure. The air pressure was varied between experiments ranging from 0 to 2 bar (controlled 

with an air pressure gauge). This range of air pressures was tested in separate experiments for 

all cellulose densities.  

8.3.4.3) Quantification of sample with the cartridge 

Cartridges having Design #4 were used to test whether this approach can be used for 

quantification of analyte. Samples of the blue dye solution with relative concentrations 

between 0.005 and 0.5 were spotted onto a strip of chromatography paper (10 µL) as controls 

with a 10 µL pipet. The 10 µL was suspended on the pipet tip as a droplet and spotted on the 

paper by touching the droplet to the paper surface. This resulted in reproducible, round spots. 

Samples of the blue dye solution (10 µL) with relative concentrations between 0.001 and 0.05 

were loaded into the cartridge (internal volume of 177 µL, cellulose density of 0.68 mg/mm
3
) 

and eluted for approximately 30 minutes with 600 µL of a 1:1 (v/v) methanol/0.1M HCl in 

water solution. An air pressure of approximately 0.3 bar was applied during the experiment. 

Each concentration in the cartridge experiments was tested eight times. A set of eight 

cartridges was used for the tests. 

8.3.4.4) Concentration of sample 

The lowest concentration from the quantification experiment (0.001) was used in the cartridge 

(Design #4, cellulose density of 0.68 mg/mm
3
), but in increasing volumes (25-100 µL). 

Again, samples were eluted for approximately 30 minutes with 600 µL of a 1:1 (v/v) 

methanol/0.1M HCl in water solution. Air pressure of approximately 0.3 bar was applied 

during the experiment. Each experimental condition was tested six times. A set of eight 

cartridges was used for the tests. 

8.3.5) Data acquisition and processing 

After experiments, the collection disks were dried and imaged from both sides (600 dpi, full 

color) using a Ricoh office scanner and saved (*PNG). Next, ImageJ
29

 was used to display the 
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image in Hue, Saturation, Brightness (HSB) stacks, and the saturation of each pixel was 

measured. The cumulated saturation of all pixels was used as the final result for the 

experiments. The entire area of the dye spot was selected for this approach. Pixels that did not 

contain any dye molecules produced no signal. Every pixel can have a maximum value of 

255. If a pixel had a maximum value of 255, it was saturated, meaning that (further) 

increasing the number of dye molecules in the pixel area would not lead to a higher signal. 

8.4) Results and Discussion 

8.4.1) Cartridge development 

Table 8.1 shows the different important design stages of the cartridge (See Figure S8.3, SI for 

photographed cartridges). It describes the features of each device that were sufficiently 

functional for our purposes, and those that required modification. Design #1 had a number of 

important drawbacks, all related to the fact that there was a lack of control over solvent flows. 

The paper layers (8), cellulose column (9), and collection disk (10) were quickly saturated 

with eluent, which effectively blocked the further flow through them and caused some sample 

not to reach the collection disk. Furthermore, the distribution of analyte over the collection 

disk (10) was not homogenous, and sample molecules would stack up around the edges of this 

paper, due to the coffee stain effect. While the passive coffee stain effect could also be an 

effective way to concentrate molecules, it differs from the approach described in this work, in 

that we have no control over where it concentrates sample, and to what extent. The result is 

generally over-concentration in some areas, which leads to saturation of the detection system 

and thus impaired analysis. 

In order to overcome these limitations, an air duct (4) was introduced with the sole purpose of 

drying off the solvent reaching the collection disk (10), so that solvent would keep flowing 

(evaporation driven) through the column (Design #2). The air was to be distributed over the 

paper by means of a shaft. However, due to the innate surface roughness of FDM-printed 

objects, the seal between the hull (2), the bottom cap (3) and the collection disk (10) was not 

air-tight. As a consequence, solvent would only be dried off in a particular area of the paper. 

It was observed that the dye that was used for visualization of the elution process was 

concentrated in this region. This was likely caused by an effect similar to the coffee stain 

effect, as elaborated above; the dried spots created capillary flow towards that region, leading 

to continuous deposition of sample at this site. 

In Design #3 we exploited this induced concentration effect by exerting more control over the 

air distribution of the cartridge. Figure 8.2 shows how the air channels (5) were designed to 

yield a homogenous distribution of air flow/pressure. However, with Design #3, a relatively 

high air pressure (at least 1 bar) was required in order to obtain a proper result. This could 

mean that compressed air canisters, or a pumping module would be required for device 

operation, potentially reducing the portability. The need for a higher air pressure probably 
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stems from the lower resolution of the 3D-printed parts, which would lead to a poor seal with 

the collection disk (10). This in turn results in a likely escape of air between the collection 

disk and the cartridge, requiring higher air pressures to achieve efficient drying.  

In Design #4, 3D-printed Arnitel parts (6, 7) were introduced to seal off the interface between 

the collection disk (10) and the air distribution network (5), in order to prevent air from 

escaping. This material has been used in previous work to seal off regions of a piece of paper 

from exposure to oxygen plasma
21

, by virtue of its elasticity and resulting compliance to the 

paper surface upon the application of pressure. However, the surface of the base (3), which is 

made from the more rigid PLA, was still rough, a result of the FDM printing process. For this 

reason, the design of the base was also adjusted for inverse printing, leading to a smooth 

interior surface for the sealing interface. This smooth surface is obtained because the first 

layer of a print is formed on a smooth and heated metal print bed, causing the polymer to 

better spread over it. The adaptations leading to this final design allowed a reduction of the 

required applied air pressure to 0.2-0.3 bar, which is easier to achieve in a portable device 

than the 1-2 bar in design #3, yet still requires incorporation of adaptations to the equipment. 

One could imagine using disposable air bullets, or a manually inflatable pressure balloon, to 

supply the air for drying the collection disk, making device operation easier in a location 

remote from a laboratory. 

 

Figure 8.2: Schematic, sliced representations of the air channels in the 3D-printed cartridge. Air is introduced 

via a single inlet. (A) The initial design had equal flow resistances from inlet to each outlet (8, 16, or 32 holes), 

but not in the actual device, due to the limited quality of the print. (B) The horizontal channels were connected in 

full rings to allow better distribution of air, despite the limited quality of those channels. 

8.4.2) Cellulose density vs. eluent flow rate (Design #3) 

The cellulose powder that was used to fill the column was compressed upon closing the 

device. Due to the compression, the cellulose powder forms a soft tablet that maintains its 

shape after release from the cartridge. When only 120 mg of cellulose powder was used, it 
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was just enough to fill the cartridge without pressure application. With larger amounts of 

cellulose, more pressure was required to compress the powder. Figure 8.3A shows the 

relationship between the time and distance traveled by the eluent in the readout paper strip 

when different densities of the cellulose column were employed. The numerical data is 

presented in Figure 8.3B.  

This data shows a number of things. First of all, the standard deviations are relatively large, 

but a clear trend is seen, suggesting that increasing the cellulose density leads to slower fluid 

migration. This can be explained by a decrease in free space between particles (i.e. a 

decreased permeability of the capillary network). Smaller pore sizes lead to stronger capillary 

pressure, but the total volumetric fluid movement decreases. Second of all, the standard 

deviations are by far the largest in the system with the lowest cellulose density. This might be 

explained by the fact that this amount was barely sufficient to fill the device, which could 

result in more irreproducible packing of the column. 

 

Figure 8.3: Relationship between cellulose density and fluid front progression in the readout paper strip for 

different densities of the cellulose column in the 3D-printed cartridge (Design #3) in (A) a graph with averages 

(n=3) and (B) a table with standard deviations. 

8.4.3) Air pressure vs. shape and quality of signal (Design #3) 

In order to verify that it is in fact the application of air pressure to the paper that is inducing 

evaporation, which in turn leads to the concentration effect, we performed an experiment in 

which both the density of the cellulose column and the air pressure were treated as variables. 

The results of this series of experiments can be found in Figure 8.4. From this data it is clear 

that regardless of the cellulose density, the air is crucial in confining sample to a ring around 

the column and having a diameter equal to that of the column at the bottom of the hull. 

Furthermore, at relatively low pressures (< 1.5 bar), sample seems to ‘leak’ out of the ring. 

This is probably due to the limited resolution of the 3D-printed parts. Any flaw in the surfaces 

that seal off the paper can result in inhomogeneous drying and thus deviations from the ideal 

flow pattern. However, as the air pressure is increased, we see that differences within the flow 

of solvent are negligible compared to the evaporation rate. Finally, we again see that a higher 
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cellulose density leads to slower wicking rate, which in turn means lower air pressures were 

required to obtain a well-defined ring shape. 

 

Figure 8.4: Influence of cellulose density and air pressure on the shape and quality of the sample signal on the 

collection disk. The experiments were performed with cartridge Design #3. 

In cartridge Design #4, the collection disk was better sealed, due to the fact that flexible, 

slightly deformable parts made in Arnitel were introduced, and the bottom cap was printed 

up-side-down. The latter resulted in a smooth surface for the collection disk to lie upon. As a 

result, the required pressure to obtain a good seal, and thus a good halo shape was decreased 

to 0.2-0.3 bar (Figure 8.5A). This reduction might prove important for potential portability of 

tests based on this technology, as discussed above.   

8.4.4) Quantification of sample with the cartridge (Design #4) 

The final design (#4) of the cartridge was used for a quantification experiment, in which 

different concentrations of a blue food dye were used to construct calibration curves. Samples 

were loaded into the cartridge and eluted. Ten µL of each sample was also spotted directly 

onto a strip of paper as control. Figure 8.5A shows the appearance of the spots. The spots 

(approximately 1.3 cm in diameter) are not in the same scale as the rings (approximately 1.2 

mm in diameter). In the control spots, we can also observe the passive coffee stain effect, as 

the intensity is higher at the perimeter. Figure 8.5B shows that the limit of detection (LOD) is 

enhanced by employing the 3D-printed cartridge. Also note that only the linear range of the 

experiments is used for constructing the line, and that higher concentrations led to saturation 

(i.e. a plateau in the curve). The earlier onset of saturation for the cartridge results, the lower 

plateau value on the y-axis, and the improved LOD, compared to the spots, are all related to 
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the area that is used for the analysis. In the control spots, sample is spread out over a larger 

area (i.e. more colored pixels in the image analysis for the same amount of dye molecules). If 

the amount of dye molecules per area pixel is undetectable, it makes sense to collect 

molecules from a larger area and pile them together on a smaller area, to lift the signal above 

this threshold (which is the concentration effect). However, this means that the total area with 

color decreases, so also the number of colored pixels decreases. This in turn means that when 

all colored pixels give the maximum value of 255, the total signal will be lower for the 

cartridge-based test (because there are fewer colored pixels), which is exactly what we see in 

Figure 8.5B. It also means that, since we are lumping more molecules onto a smaller area, that 

these pixels will reach their maximum value at a lower concentration. 

 

Figure 8.5: Comparison between the colorimetric analysis (blue food dye) of spotting sample directly on paper, 

or after elution (with methanol/0.1M HCl in water 1:1 (v/v), 600 µL) through the 3D-printed cartridge (#4, n = 8 

per data point). In both cases, 10 µL of sample solution was used. (A) Scanned images of the actual spots, as 

well as the saturation display (from HSB stacks in ImageJ) that were used for the image analysis. (B) Total 

cumulative saturation per sample spot was plotted against the relative concentrations of the dye solutions. Error 

bars show standard deviations. 

 

Figure 8.6: Comparison between the signal obtained from the top and the bottom of the collection disk in the 

cartridge-based analysis of blue dye solution (n=8 per data point). In all cases, a linear relationship is obtained 

between the concentration of dye and the measured signal. Error bars show standard deviations. 
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In the results from Figure 8.5, the top surface of the collection disk, i.e. the surface in contact 

with the column, was used for quantification. This means that it has to be removed prior to 

data analysis, which is inconvenient for a field test. For this reason, the bottom side of the 

collection disk, which is more accessible, was also analyzed. Figure 8.6 compares signal from 

the top, the bottom and the combination of both. This data shows that we can in fact use the 

bottom side of the collection disk as well for quantification, despite the fact that it gives a 

lower signal and sensitivity. 

8.4.5) Concentration of sample (Design #4) 

In order to further improve the LOD of the color analysis, the cartridge could be used to 

concentrate larger volumes of low-concentration sample (relative concentration of 0.001) as 

well. When sample is just spotted onto paper, the increase of sample volume would lead to a 

larger spot, yet not to a more concentrated signal (disregarding sample retention and the 

coffee stain effect). Since the cartridge can in fact capture analyte molecules in a ring-shaped 

area, increasing the volume leads to the capture of more molecules in this same area, thus 

higher signal intensity. Figure 8.7 shows the results of this experiment.  

 

Figure 8.7: Sample concentrating effect with the 3D-printed cartridge (Design #4) by increasing sample volume. 

Sample rings were scanned (only the top) after elution through the cartridge (methanol/0.1M HCl in water 1:1 

(v/v)). Different sample volumes were applied. The total sample signal was plotted versus the used volumes (n=6 

per data point). Error bars show standard deviations. 

We indeed see that signal goes up linearly with sample volume. If the total signal of the 

relative concentration of 0.001 (75 µL) is inserted into the calibration in Figure 8.5 and the 

thus-obtained concentration is corrected for volume, we obtain a relative concentration of 

0.00093. This means that the signal in both situations with the same absolute amount of 

molecules (higher concentration versus larger volume) is very similar. The slight distortion of 

the sample ring shape on the collection disk in this experiment might be attributed to the 

increase in sample volume. Since the sample is not dried before eluent is added, the aqueous 
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dye solution will be reaching the collection disk first. When a larger volume of water is used 

initially, which is less volatile that methanol, the sample might spread further on the 

collection disk, by upsetting the balance between supply and evaporation of the liquid. 

Therefore the initial wetting of the paper might lead to a larger outer ring diameter.  

With volumes greater than 75 µL, saturation of the signal was encountered. In the end, a 

volume should be selected for a test that results in overlap between the linear range of the test 

and the critical range for the given parameter (containing at least the cut-off value). 

8.5) Conclusion and Outlook 

We have developed a 3D-printed cartridge for paper microfluidics, which we regard as a 

generic device for any type of analysis, colorimetric or otherwise. Reagents can be positioned 

in a specific order, with the resolution of the thickness of a piece of paper. Furthermore, the 

cartridge allows incorporation of powdered, solid materials. In this first demonstration, we did 

not explore these functions to their fullest extent, as we used inert column material and no 

reagents loaded on paper disks. However, one could envision using a reactive material in the 

column, such as zinc powder to perform electrochemical reduction. 

In this initial study, we demonstrated how cartridge-based paper microfluidics allows for the 

integration of additional functionality, in this case a concentration step. By splitting air ducts 

inside the hull of the cartridge, a homogenous air flow could be applied onto the surface of a 

piece of paper. When liquid flows past this region, its evaporation is facilitated, inducing 

continuous flow towards, and sample deposition in this region. This concentration feature was 

tested with a blue dye solution and it was demonstrated that we can indeed improve the limit 

of detection for quantitative analysis. Moreover, the concentrating effect could be exploited 

even further by increasing sample volume. The theoretical level of concentration is endless 

(i.e. in order to detect lower concentrations, one only needs to keep increasing sample 

volume). However, the efficiency is influenced by practical constraints, such as maximum 

amounts of liquid that can be used (or are available), the time needed to perform the test, and 

the nature of the sample solvent (e.g. water is more difficult to evaporate than methanol). 
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Figure S8.1: Photographs of the 3D-printed components of cartridge Design #4.  
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Figure S8.2: Setup for determining the influence of cellulose density on flow rates. (A) Schematic 

representation (SolidWorks) in which a strip with a ruler was inserted into the bottom of the device. The device 

consists of an array of three cartridges based on Design #3, so that the experiment could be performed in 

triplicate. (B) Photograph of the device. The time it took to wet the paper readout strip was monitored with a 

stopwatch upon loading the device with solvent. (C) Stamps for gradual compression of aliquots of cellulose in 

the column. 25% of the total cellulose volume is added and compressed with the longest stamp (right, occupying 

75% of the column volume. Another 25% is added and compressed with the middle stamp (occupying 50% of 

the final column volume). Then the third aliquot of 25% was added and compressed with the shortest stamp (left, 

occupying 25% of the final volume). After the last addition, the column was compressed and sealed with the 

bottom cap (which did not occupy any part of the final column volume). 
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Figure S8.3: Photographs of cartridge Designs #1-#4.  
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