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Regarding the other physical approach, Liu et al. reported [49] the slip PAD for achieving high-throughput 

chemical sensing.  This approach separates the channel (top layer) and several inlets with different liquid 

samples (bottom layer) and aligned the layers, as shown in Fig. 1.8.  The different liquid samples are 

sequentially transferred into the channel by slipping the bottom layer.  Since this design can be easily 

parallelized on the same paper plane, multiple operations can be performed simultaneously for high-throughput 

chemical sensing. 

 

 

Figure 1.8  Slip design for controlling the liquid volume with paper materials.  Schematic illustration 

demonstrating the operating principle of the SlipPAD for sequential fluidic manipulation.  The SlipPAD is 

comprised of two layers: the bottom layers and the fluidic channels and reservoirs patterned therein, which are 

highlighted by black dashed lines in the top view.  Reprinted with permission from reference [49].  Copyright 

2013, American Chemical Society. 

 

As a different method of controlling the fluid volume, various chemical-based approaches have been developed 

[50].  Lutz et al. reported [50] that treating the paper with sucrose helps delay the fluid, as shown in Fig. 1.9a. 
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separation volume was in the range of 20 to 400 nL.  Subsequently, the fusion device was able to detect lithium 

ion concentration and its measurement performance was comparable to conventional methods.  Finally, the 

fusion device was used to determine the lithium ion concentration in whole blood and the whole detection 

process was successfully completed within 20 minutes.  The results obtained by this method agreed very well 

with the conventional methods.  Thus, I succeeded in developing the fusion device for determining lithium ion 

concentration in human whole blood. 

Chapter 6 summarized the results of this thesis and the prospects of this research. 

 

 

Figure 1.17  Outline of this thesis. 
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2.1 Introduction  

Paper-based analytical devices (PADs) have great advantages, such as low cost, being easy to mass 

produce, use, carry around, and disposal after use.[1]  For these reasons, PADs are to be popular alternative 

devices to conventional ones for food safety analysis [2,3], environmental monitoring [4,5], and point-of-care 

diagnosis [6-9].  The PADs have been fabricated by a variety of methods, including (1) photolithography [10-

12], (2) wax printing [12-14], (3) inkjet printing [15-18], (4) screen printing [19-22], and (5) craft cutting [23-

25].  The main advantages and disadvantages of each fabrication method may be summarized as follows.  

Method (1): The apparatus for photolithography is expensive, procedures are complicated, and a long 

fabrication time is required in comparison with the other fabrication methods.  However, photolithography can 

fabricate channel patterns with high resolution.[10-12] 

Methods (2), (3) and (4): These printing methods enable low cost and easy fabrication.  Method (5): 

Craft cutting machines are inexpensive.  However, it is difficult for them to create microchannels on a paper 

precisely.  

The various parameters of fabricated PADs, such as cost, wicking rate, and edge clarity, have also 

been reported, and the fabrication methods affect these parameters.[1,11,26,27]  In addition, I previously 

demonstrated the effect of a paper substrate on the sensitivity of PADs.[12,28]  The suitable fabrication method 

should be selected according to the target analytes and types of paper substrate.  Some articles [1,11,26,27] 

have compared the precision, cost, and ease of the fabrication methods of PADs as summaries of experimental 

results from several research groups.  However, the effect of fabrication method on the analytical properties 

of colorimetric PADs has not been well investigated. 

Here I considered the evaluation of the PAD fabrication method for selecting the suitable fabrication 

method to develop the colorimetric PAD towards blood tests.  The investigated properties are cost, fabrication 

accuracy, wicking rate and analytical precision for developing colorimetric PADs of blood tests.  I selected 

the fabrication methods of photolithography, wax printing, screen printing, and craft cutting, because these 
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Figure 2.2  The PAD fabricated by photolithography, wax printing, screen printing and craft cutting. 

 

Then, I evaluated the fabrication throughput for the PADs using each method.  The fabrication 

efficiencies (as devices/fabrication at once) were 4, 12, 36, and 10, for photolithography, wax printing, screen 

printing, and craft cutting, respectively.  Although the fabrication efficiency depends on the channel pattern, 

screen printing had the highest fabricating efficiency among the four fabrication methods.  I used a stencil with 

a 20-cm square printing area, and the PAD size was 3-cm square.  I was able to fabricate 36 PADs at one time.  

The UV irradiation area of a typical mask aligner was 6-8 cm square.  According to literature, I can assume 

the throughput of the number of fabricating PADs (~2 cm square) to be 9-16 devices at one time.[10]  

Photolithography, in comparison, could fabricate only four PADs at once due to the limited UV irradiation area 
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(about an 8-cm square) and the size of the PAD (about a 3-cm square).  Wax printing and craft cutting had 

similar fabrication throughputs. 

I also focused on the fabrication costs, calculated from the raw material costs, including the paper 

(Whatman chromatography paper #1: $40/100 papers) and reagents.  The raw material costs were calculated 

as follows:  

Five mL of SU-8 2010 ($2290/L) and 200 mL of SU-8 developer ($85/L) were used for 

photolithography.  Seven g of PDMS ($0.136/g) was used for screen printing.  The costs of the wax ink and 

cutting sheet were $36/color-ink and $12/sheet.  From the material costs including the paper cost, I estimated 

the fabrication costs of PADs.  For photolithography, wax printing, screen printing, and craft cutting, the 

respective fabrication costs were estimated to be ~$7.11, ~$1.82, ~$0.0376, and ~$1.55, and the respective 

apparatus costs were ~$100,000, ~$3,000, ~$3,000, and ~$300. 

 

2.3.2 Evaluation of the patterning ability 

I evaluated the patterning ability of each fabrication method.  To prevent leakage of the solutions and 

contaminations, the hydrophobic and hydrophilic areas should be clearly patterned on the paper substrate.  In 

this paper, I define the microchannel clearly patterned by hydrophobic ink as good channel patterning.  

Therefore, I observed the boundary between the hydrophobic area and hydrophilic area constituting the 

microchannel of the PADs (topside and backside) using a benchtop SEM (proX PREMIUM, Phenom World 

Co., Ltd.).  Figures 2.3a, b show SEM images of the PAD fabricated by photolithography.  The boundary 

between the hydrophobic and hydrophilic areas was clearly formed on the topside.  However, it was not clearly 

formed on the backside of the PAD.  I assume that the photoresist could not completely crosslink due to poorer 

UV exposure on the paper backside.  I can improve patterning of the channel design by using a thinner paper 

substrate or having an additional UV irradiation from the substrate backside.  Figures 2.3c, d show SEM 

images of the PAD fabricated by screen printing.  For screen printing, the boundary between the hydrophobic 
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and hydrophilic areas was clearly formed on both paper sides and the method showed the best channel patterning 

capability.  The amount of PDMS ink can be adjusted depending on the paper substrate and channel design 

[19].  The optimal amount of PDMS ink and the rubbing frequency make it possible to fabricate PADs with 

good channel patterning.  

 

 

Fig. 2.3  Boundary between the hydrophobic area and the hydrophilic area of the PAD (topside and backside) 

observed using a benchtop SEM.  The left images (a, c) are the top side and the right images (b, d) are the back 

side of the PAD.  (a, b) show SEM images of the PAD fabricated by photolithography and (c, d) show SEM 

images of the PAD fabricated by screen printing. 
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On the other hand, I did not confirm any significant difference between both sides of the PADs 

fabricated by wax printing and craft cutting, as shown in Fig. 2.4a,b.  The channel design of the PAD fabricated 

by wax printing was clearly patterned as shown in Fig. 2.2.  However, the amount of printed wax ink was not 

enough to make the boundary between the hydrophobic and hydrophilic areas of the PAD.  For this reason, I 

consider that the wax ink could not penetrate uniformly into the cellulose fibers, and this might affect the 

performance of the PAD.  Wax printing can fabricate a completely patterned PAD by controlling the melting 

point and heating time of the wax ink to prevent cross-contamination.  In the case of craft cutting, all bare 

cellulose fibers were observed because it did not use chemicals (Fig. 2.4c, d). 

 

Fig. 2.4  Boundary between the hydrophobic area and the hydrophilic area of the PAD (topside and backside) 

observed using a benchtop SEM.  The left images are the topside and the right images are the backside of the 

PAD.  Figures 2.4a,b show the SEM images of the PAD fabricated by wax printing and Figs. 2.4c, d show the 

SEM images of the PAD fabricated by craft cutting. 

 



54 

 

Then, a 1 mM phenolphthalein solution was pipetted onto each PAD to observe the formed channel 

pattern.  The PAD fabricated by photolithography underwent an oxygen plasma treatment to increase the 

hydrophilicity.  Figure 2.5 shows photographs of PADs when the phenolphthalein solution was introduced. In 

the case of wax printing, the phenolphthalein solution flowed out from the buffer introduction zone.  I think 

that the wax printed PAD did not form a complete hydrophobic barrier (Fig. 2.4 a,b) due to insufficient wax ink 

on the paper substrate.  In the case of photolithography, phenolphthalein solution did not fill every part of the 

PAD and there was slight leakage out to the hydrophobic area.  This result indicates the hydrophilicity of the 

whole PAD (the extent of the hydrophobic and hydrophilic areas) was increased by the oxygen plasma treatment 

and it led to a penetration of the phenolphthalein solution into the hydrophobic area.  In the case of craft cutting, 

I did not observe any leakage of the phenolphthalein solution from the buffer introduction zone of the PAD put 

on pinholders, because the craft cut PAD had only the hydrophilic area based on the presence of bare cellulose 

fibers.  From these results, I conclude that the photolithography method can produce the sharpest channel 

among the four methods, although the fabrication methods would affect the performance of the PADs, including 

their wicking rate, sensitivity, and precision of analysis.  In the next section, I therefore evaluate the wicking 

rate of the PADs. 

 

 

Fig. 2.5  Patterning precision evaluation using a 1 mM phenolphthalein solution for PADs fabricated by the 

four methods. 
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hydrophilicity of the PAD fabricated by photolithography was enhanced by the oxygen plasma treatment, and 

thus performance became the same as for the wax-printed PAD.  These results indicate the fabrication methods 

affected the wicking property of PADs and their performance could be improved by selecting suitable 

fabrication methods, post treatment, and experimental conditions. 

 

 

Figure 2.6  Photolithography (left) of the PAD fabricated by photolithography without oxygen plasma 

treatment.  Ultrapure water was pipetted onto the PAD (right). 

 

2.3.4 Comparison of performance for protein assay using the PADs 

Finally, I compared the performance for the protein assay using the PADs.  I carried out the 

colorimetric protein assay in triplicate, and compared the PADs using the K-scale (color scale) [29] and standard 

deviation (STD) of color scale.  Figure 2.7a shows photographs of PADs used for the colorimetry.  The 

protein reacted with TBPB to give detection zones with a blue color.  Figure 2.7b presents the calibration plot 

of the protein assay using the PADs.  The K -scale of the PAD fabricated by craft cutting was lower than the 

values of the other PADs.  I consider that the evaporation rate of the craft cut PAD was higher than those of 

the other PADs, because the solution could evaporate not only from the top and back sides of the device, but 
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also from the edges.  BSA molecules (66 kDa) cannot diffuse into all of the detection zones due to the rapid 

evaporation of the solvent.  The diffusion or transfer rate of protein molecules depends on the drying condition 

of the paper substrate, and might be limited, even with the semi-dried condition due to rapid evaporation.  In 

other words, all the BSA molecules introduced into the detection zones could not react with TBPB.  For this 

reason, the color intensity obtained from the craft cut PAD was low.  The K-scale of the PAD fabricated by 

photolithography also showed lower intensity compared with the two types of printing-based PADs.  The 

introduced solution could not flow homogeneously into the PAD fabricated by photolithography, because of the 

leakage of solution from the introduction zone and the shortage of hydrophilic cellulose fibers inside the paper 

substrate by a plasma treatment of all the total topside area of the PAD.  Therefore, BSA diffused non-

uniformly and did not react with TBPB in the detection zones.  On the other hand, the K-scale values of the 

PADs fabricated by wax printing and screen printing were of higher intensity than those of the other PADs.  

The hydrophilic area of printing-based PADs is composed of bare cellulose fibers, and the solution can only 

evaporate at the top and back sides of the paper substrates.  I consider that the bare cellulose fibers and 

desirable diffusion rate of proteins were responsible for the high detection intensity.  However, I did not 

confirm any large difference in the STD among the PADs, because of the similar color reproducibility in 

detection zones among the PADs.  I fabricated three PADs for each fabrication method, and carried out the 

protein assay three times.  This result indicates that the assay reproducibility of the PADs fabrication and of 

the protein assay was confirmed, regardless of the fabrication methods. 
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Fig. 2.7  Protein assay using the PADs fabricated by four methods: (a) Photographs of the PADs for 

colorimetric analysis.  (b) The calibration plot of the protein assay using the four PADs. 

 

2.4 Conclusions 

I investigated the characteristics of PADs fabricated by four different methods: photolithography, wax 

printing, screen printing, and craft cutting.  Photolithography has complicated fabrication procedures, and an 

oxygen plasma treatment is necessary to introduce an aqueous solution into the PAD.  The boundary between 

the hydrophobic and hydrophilic areas was formed most sharply for the photolithography method among the 

four methods.  However, the K-scale intensity of this device was lower than those of the other devices.  Wax 

printing offers a simple and rapid fabrication, although the leakage of the solution should be prevented to 
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3.2.2 Fabrication of Paper-based Devices 

A screen-printing table (WHT No. 3 and equipped with a vacuum pump that was manufactured by 

Mino Group Co., Ltd., Tokyo, Japan), a screen stencil (T-200 nylon mesh on an aluminum frame), and a 

squeegee were purchased from Unno Giken Co., Ltd. (Tokyo, Japan).  The screen stencil was designed with 

36 paper device patterns in it.  The detailed fabrication procedures were described in the literature [2]. 

Polydimethylsiloxane (PDMS, SILPOT 184 Kit, Dow Corning Toray Co., Ltd., Tokyo, Japan) was used as a 

polymer ink for hydrophobic patterning. Paper substrate selected for the device was Whatman chromatography 

paper #1 purchased from GE Healthcare (200 × 200 mm, thickness: 0.18 mm, GE Healthcare Japan Co., Ltd., 

Tokyo).  

I fabricated PADs by the previously reported screen-printing method [26].  The PAD had eight 

detection zones (diameter, 4 mm) and an introduction zone (diameter, 12 mm) as shown in Fig. 3.1.  The 

detection zones were connected to the introduction zone via microchannels (width = 2 mm).  In brief, a piece 

of chromatography paper was fixed onto a printing table.  A patterned screen stencil was placed onto the 

chromatography paper and the paper was kept in place on the printing table via a vacuum pump.  Then, PDMS 

was poured onto the screen stencil, and a squeegee was used to rub the PDMS into the pattern openings.  The 

PDMS-printed paper was cured in an oven at 120 °C for 30 min.  The patterned paper was removed from the 

oven and cut into separate paper devices (30 × 30 mm). 
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Figure 3.5  (a) 3D and (b) 2D plot of various pH values in CIE L*a*b* color system. 
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droplets of the sample solution were injected into the holes of the polymer substrate and were transferred into 

the separation unit by capillary force.  After the sample solution reached the end of the separation unit, the 

detection unit was placed in contact with the end of separation units for 5 s.  Finally, a photograph of the 

detection unit was taken with a digital camera (EOS Kiss X6i, Canon, Tokyo, Japan, distance: ca. 15 cm, ISO: 

1600, shutter speed: 1/200, aperture value: 5.6) under a fluorescent light.  The obtained image was converted 

to the CMYK color scheme as described elsewhere, and the intensity of the magenta color (denoted magenta 

intensity here) visible in each detection window (region of interest (ROI): 7860 pixel) was obtained by image 

analysis using ImageJ ver. 1.48 (Figure 4.5 c) [42].  I have used the maximum value obtained by image 

analyses of all the samples. 

 

  

 

Figure 4.5  (a) Experimental procedure by micropipette/contact operation.  (b) Principle for the determination 

of lithium ion concentration in blood using my device.  The two processes (separation and 

detection/visualization) occur within approximately 10 s.  (c) Region of interest (ROI, indicated by the green 

circle) for image analysis using the ImageJ ver. 1.48 software.  The image was converted in the CMYK color 

space.  The color intensity was obtained in magenta scale in each window area (red color) as a green circle. 

(a) (b) 

(c) 
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window by pipette.  Figure 4.8b shows the calibration plots obtained after pipetting the sample solution using 

same experimental conditions as my method.  For all tested window sizes, the magenta intensity increased 

with increase in lithium ion concentration in the low concentration range (0 to 0.8 mM), but the intensity was 

almost constant in the high concentration range (see Figure 4.8a), possibly because the reagent was carried away 

from the center to the edge of the detection window by capillary force after pipetting. In contrast, contact loading 

resulted in uniform coloring because the sample was absorbed over the whole surface of the detection window. 

 

   

Figure 4.8  Optimization of the detection window size.  The plots show the relationship between magenta 

intensity and the detection window size on (a) paper-to-paper contact loading and (b) micropipette loading.  

The magenta intensity increased with decrease in window size in both the cases.  However, linearity over the 

entire measured range was only obtained for contact loading. 

 

4.3.2 Investigation of parameters related to paper-to-paper contact: introduction volume, applied 

pressure, and contact time 

To determine the absorption volume for quantitative analysis, I compared the magenta intensity 

obtained using a 2 mM Li+ solution loaded by contact to that loaded with a pipette.  The magenta intensity 

(a) (b) 
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from 1 to 10 s were measured.  The experimental procedure was the same as that described above.  Figure 

4.10a shows photographs of the detection unit after contact with the 2 mM Li+ spiked blood samples.  An 

increase in the magenta intensity of the detection windows depending on the lithium-ion concentration could be 

seen by the naked eye.  Figure 4.10b-d show the relationship between the contact time and the magenta 

intensity using the 0.5, 1.0, and 2 mM Li+ in spiked blood samples.  In all results, the magenta intensity 

remained constant throughout because the wettability area of the detection unit was completely filled with rapid 

absorption after contact with BC units.  After optimization of the whole blood injection volume and device 

design, my method was found to allow the rapid determination of the lithium-ion concentration in blood. 

 

         

        

Figure 4.10  Estimation of the effect of different contact times on magenta intensity.  (a) Relationship 

between the magenta intensity and contact time of the detection unit.  Photographs of detection units after color 

formation with blood samples spiked with 2 mM Li+ at different contact times.  Estimation of the effect of 

contact time on magenta intensity for a 0.5 mM (b), 1.0 mM (c) and 2.0 mM (d) Li+ standard sample.  The 

magenta intensity was independent of contact time. 

(a) (b)  

(c)  (d)  
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4.3.3 Comparison of the measurement performance with conventional methods 

Under the optimized conditions, I compared the sensitivity, accuracy, and reproducibility of my 

paper-based method and those of conventional colorimetric methods (microplate well and cuvette).  The 

experimental procedure was the same as that described above.  In the conventional methods, a solution of 

lithium salt and the detection reagent were mixed in a volume ratio of 1:60, and the mixture was incubated at 

37 °C for 10 min in accordance with the kit protocol.  Figure 4.11a shows photographs of the detection unit 

after contact with the separation unit and Figure 4.11b shows the standard curves for lithium-ion detection with 

my device, a microplate well, and a cuvette.  These results indicate that the calibration curve using the present 

device displays a good linearity with small error bars and R2 = 0.991.  The limits of detection (LOD, blank + 

3SDBlank) and the maximum value of the coefficient of variation (CV) in the range examined in this study are 

listed in Table 4.1.  Using my device, I achieved a low LOD (0.054 mM) and high accuracy and reproducibility 

values, comparable to those of conventional methods. 

 

         

Figure 4.11 Measurement of standard samples using my device and conventional methods.  (a) Photographs 

show the detection units after contact with the separation units. The magenta intensity increased with increasing 

lithium ion concentration in the standard samples.  (b) The calibration curve obtained using my device (black 

plots) shows good linearity and coefficient of determination and small error bars in the measured range 

(comparable to that of conventional methods).  The blue and red points indicate data for the microplate reader 

and the spectrophotometer, respectively. 

(a) (b) 
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quantitation.  Additionally, whole blood samples that comprise no Li+ were observed to constitute high 

concentrations of Na+, K+, and/or Mg2+ (>200 mM, >4 mM, and >20 mM respectively).  Each experiment was 

performed four times using the contact method.  As shown in Figure 4.12c, the measurement outcome was 

unaffected by 200 mM Na+, 4 mM K+ and 20 mM Mg2+.  As the sodium, potassium and magnesium ion 

concentrations of blood used in this experiment were unknown, the sodium, potassium and magnesium levels 

of spiked samples exceeded the above values.  Even under such conditions, these ions did not affect the 

measurement.  These results indicate that the present device can be used as an alternative method for the 

determination of the lithium ion concentration in blood.  In terms of accuracy and precision, my device showed 

comparable or worse performance than previously described devices, which presents one of the challenges of 

paper-based device development.  To improve accuracy and precision, I need to develop a novel detection 

reagent for lithium ions or a novel paper substrate with controlled architecture of cellulose fibers.  The 

difference between the spiked and found values is possibly due to the poor migration of lithium-ions because 

of the high viscosity of blood.  I believe that the low values obtained at high lithium ion concentrations can be 

solved by optimizing the contact position of the detection unit with the separation unit. 

Overall, my results indicate that the paper-based device enables the simple determination of the 

lithium ion concentration in blood.  I believe that improvements in the sensitivity, accuracy, and 

reproducibility can be achieved by fabricating a uniform detection window size, optimizing the concentration 

of the detection reagent, and using a consistent drying atmosphere for the detection reagent. 
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Figure 4.12  Demonstration of the measurement of lithium ion concentration in spiked blood samples using 

my device.  (a) Photographs show the detection units after contact with the separation units. The magenta 

intensity increased with increasing [Li+] in the spiked blood samples.  (b) The plots show good linearity and 

coefficients of determination and small error bars, compared with the results obtained with the standard samples. 

The magenta intensity was a little lower than that of the standard sample because of the trapping of lithium ions 

in the separation process.  (c) Influence of other metal ions on the quantitation of lithium ions in whole blood. 

Measurements were performed for spiked blood samples (1 mM Li+) containing >200 mM Na+ or/and >4 mM 

K+, and negative blood samples (no-Li +) containing >200 mM Na+, >4 mM K+ or/and >20 mM Mg2+.  In both 

conditions (positive and negative samples), the magenta intensity of each sample was constant, which confirmed 

that at the specified concentrations, the above-mentioned ions do not interfere with lithium detection 

(b) (a) 

(c) 
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signals from a data acquisition device (USB-6509, National Instruments, USA) that was programmed with the 

software program LabVIEW.  For the plasma separation, I simultaneously applied EWOD and particle/liquid 

DEP (PDEP/LDEP) forces (see 5.2.2 and Fig. 5.2).  As shown in Fig. 5.5b, during the separation, a low-

frequency voltage (VLF) for EWOD was continuously supplied to the left larger reservoir electrode. By 

sequentially and selectively applying the high-frequency voltage (VHF) for DEP to two to three blood cells 

remaining in the electrodes reservoir when high-frequency voltage was applied to the driving electrodes (1 mm 

× 1 mm) adjacent to the reservoir electrode, sufficient particle DEP/LDEP forces were generated to drive the 

plasma onto the driving electrodes and to retain the blood cells in the reservoir region.  The application of 

EWOD on the reservoir electrode helps avoid the fast migration of the plasma on the driving electrodes.  If 

EWOD is not applied, plasma separation is not induced.  Occasionally, EWOD voltages needed to be tuned 

when the liquid was driven across the electrode gaps.  For the separation of high-purity plasma droplets, tuning 

EWOD is an important operation to control the plasma migration on driving electrode while maintaining the 

whole blood on the reservoir electrode.  Finally, by switching off a connecting driving electrode next to the 

terminal driving electrode with the purified plasma, a plasma droplet was created, as shown in Figs. 5.5b,c. 
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