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Abstract: The electrophoresis of ampholytes such as amino acids on a paper device is difficult because
of the variation of pH distribution in time. On the basis of this observation, we propose a paper-based
analytical device (PAD) with origami structure. By folding a filter paper, a low operation voltage
of 5 V was achieved, where the power was supplied by a 5 V 1.5 A portable power bank through
the USB type A receptacle. As a demonstration, we carried out the electrophoretic separation of pI
markers (pI 5.5 and 8.7). The separation was achieved within 4 min before the pH distribution on
the paper varied. Though the separation distance was small, it could be increased by expanding the
origami structure. This result indicates that our proposed PAD is useful for electrophoretic separation
on a paper device.
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1. Introduction

Since the paper-based analytical device (PAD), which is also referred to as micro paper-based
analytical device (µPAD), was first proposed by Whitesides and co-workers [1], many studies have been
reported and reviewed [2–11]. As PAD has unique advantages, such as low-cost and being disposable
and portable, it is a promising device for instant analyses. The analyses, which can be conducted
on the paper, are limited compared with those possible on glass or resin (e.g., polydimethylsiloxane
(PDMS) and polymethyl methacrylate (PMMA)) fluidic devices, because the fluid channel consists of a
piece of paper. The disadvantages of PADs are its paper-thin channel structure and the difficulties
in implementing a valve, a micro-relief structure, etc., in this channel structure. There are many
reports that propose to enhance the function of PADs by implementing electrodes or an electric
circuit. For example, electrochemical detection on PAD was achieved by screen-printed electrodes [12].
A stable reference electrode for electrochemical detection was also proposed [13]. The conductive
pattern was implemented for thermo-fluidic control on PAD [14]. Separation on PAD is one of the
key techniques for achieving more complex analysis. For example, amperometric detection was
developed by combining chromatographic separation and gold electrodes on a polyester film [15]
or paper [16]. Though this method is very simple and low-cost, it requires a long time. However,
despite the above considerations, electrophoresis is a promising method of separation. There are many
studies developing electrophoretic separation devices [17–22]. Electrophoretic separation on paper
was carried out by applying the voltage of 800 V using an electrophoresis apparatus [17]. A paper
strip, 200 mm long, on which the leading wires were placed, was prepared, and a sample solution
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was electrophoretically separated at a voltage of 100 V [18]. By stacking papers and manipulating
the placement and dimensions of the conductors [23], which have several functions, such as channel,
reservoir, and electrodes, a PAD for electrophoretic separation was introduced [19]. The applied
separation voltage was 330 V in this PAD. A PAD consisting of paper and reservoirs (micropipette
tips) was developed [20]. In this system, the electrodes were put into the reservoirs, and a voltage of
300 V was applied between the electrodes. These PADs are very useful for the separation of their target
materials. However, the applied voltage necessary for the electrophoretic separation was high (>100 V);
thus, a large and heavy power source equipment was required for the operation. This requirement
limits the portability of PADs. Wu et al. [22] developed a PAD for simultaneous concentration and
separation of proteins. In their PAD, the power for electrophoresis was supplied by a portable power
bank and was boosted to 300 V by a DC–DC booster. Li et al. [24] proposed an origami PAD operating
at a low voltage (10 V). In this study, inspired by this technique, we propose a PAD operating at
an even lower voltage of 5 V with the power supplied by a portable power bank through a USB
receptacle. The efficient electrophoretic separation of two materials can be conducted by migrating
them in opposite directions; thus, we adopted a buffer solution whose pH value was between the pI
values of the materials. This PAD can realize electrophoretic separation without loss of the portability
which is one of the unique advantages of PAD.

2. Materials and Methods

We prepared a piece of cellulose filter paper, 54 mm long and 3.0 mm wide (Whatman filter
paper grade 3, GE Healthcare, Chicago, IL, USA) and folded it into an origami structure, as shown in
Figure 1a,b. A piece of filter paper, 3.0 mm wide, on which we dropped a sample solution, was put
on the center of the origami structure. Bulldog clips (very small, KURI-J16, Kokuyo, Osaka, Japan)
were used as electrodes, as shown in Figure 1c,d. The distance between the electrodes was 10 mm.
The power was supplied by a 5 V 1.5 A portable power bank (QE-PL302, Panasonic, Osaka, Japan)
through a USB type A receptacle (Figure 1c). We also prepared a piece of pH test paper (pH range
1.0–14.0, GE Healthcare, Chicago, IL, USA) to visualize the pH distribution during the experiment;
the voltage was applied by a DC power supply (PMM18-2.5DU, Kikusui Electronics, Yokohama, Japan)
for long-time stable operation.

Sodium phosphate buffer solution (50 mM, pH 7.0) was prepared by mixing NaH2PO4 and
Na2HPO4 stock solutions. Disodium hydrogen phosphate dehydrate (NaH2PO4·2H2O) and disodium
hydrogen phosphate 12-Water (Na2HPO4·12H2O) were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan) and used to prepare the NaH2PO4 and Na2HPO4 solutions. The pH of the
solution was measured by a pH meter (AS600, Asone, Osaka, Japan; measuring pH range 0.00 to 14.00
± 0.01 pH).

As a sample solution, we prepared a mixture solution of pI markers (fluorescent IEF markers
pI 5.5 and 8.7, Sigma-Aldrich, St. Louis, Missouri, USA). Both pI marker solutions were diluted to
0.3 mg/mL (diluted 10 times) with the buffer solution. The pI markers were illuminated by a UV lamp
(wavelength: 365 nm, LUV-4, AS ONE, Osaka, Japan), and the resultant fluorescence was taken by a
CMOS camera (Nikon 1S2, Tokyo, Japan).
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Figure 1. Proposed paper-based analytical device (PAD) device. (a) How to make the proposed origami
structure. A sample pad was put on the center of the folded paper. (b) Photograph of the origami
structure. (c) The origami PAD connected to a portable power bank. (d) Close-up photograph of the
PAD. Bulldog clips were used as electrodes.

3. Results and Discussion

3.1. pH Distribution

We first visualized the time evolution of the pH distribution using the pH test paper. The origami
structure in Figure 1c was temporary replaced by the pH test paper without folding. The pH test paper
was completely wetted with the buffer solution, and the voltage was applied. The result is shown in
Figure 2a. We converted the RGB color image of Figure 2a to a gray-scaled image by the rgb2gray
function implemented in MATLAB 2017. The gray-scaled intensity distributions between the electrodes
are shown in Figure 2b. This figure approximately shows the color change due to the variation of pH.
The intensity of about 190 corresponds to pH 7; the intensity decreases with varying the pH. The ions in
the buffer solution migrated in response to the electric field; thus, the pH distribution varied with time
in the paper. The pH near the center of the pH test paper was kept at ca. 7 when the run time was less
than 5 min. When the run time was 15 min, the anode and the cathode sides of the paper were changed
to pH 2 and pH 12, respectively, because of the electric field. Since the charge of ampholytes such as
amino acids depends on the pH, this result indicated that it was difficult to separate ampholytes by
electrophoresis with a long run time.
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Figure 2. Time evolution of pH distribution after applying voltage to the buffer solution. (a) Typical
photo images of the pH test paper. (b) Gray-scaled intensity distribution between the electrodes.

3.2. pI Marker Separation

As shown in Section 3.1, the separation of ampholytes should be carried out in a short run
time (less than 5 min), while the pH distribution is preserved. We propose the above-mentioned
origami structure. Since the distance between the electrodes was small (10 mm), a high electric field
of (5.0 × 102 V/m) was obtained even with a portable power bank of 5 V. Moreover, the separation
distance could be extended by expanding the origami structure.

We demonstrated the electrophoretic separation on the proposed origami structure. First,
the origami structure was completely wetted with the buffer solution. Second, the sample solution
(4 µL) was dropped on the sample pad, which was placed at the center of the origami structure,
by using a pipette (Pipetman P2, Gilson, Middleton, WI, USA). Third, the portable power bank was
used to apply a voltage (5 V) between the electrodes. The fluorescent images (blue fluorescence: pI 5.5,
green fluorescence: pI 8.7) taken during the electrophoresis are shown in Figure 3. We used the sample
solution consisting of pI 5.5 and 8.7 markers and the buffer solution at pH 7.0; thus, the pI markers
moved in opposite directions. The long run time (>15 min) will lead the markers to the sample pad
again because of the variation in time of the pH distribution, as shown in Section 3.1 (pH < 5.5 on the
left side and pH > 8.7 on the right side, as shown in Figure 2).
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Figure 3. Fluorescent images of pI 5.5 and pI 8.7 markers during electrophoresis. (a) Time-lapse images
during electrophoresis at 5 V. (b) Intensity distribution of the green color along the extended paper.
(c) Control experiment in the absence of applied voltage (0 V).

As shown in Figure 3a, the pI 5.5 and pI 8.7 markers slightly moved toward the left (anode) and
right (cathode), respectively. The migration of both markers stopped after 4 min, and we interrupted
the power supply from the portable power bank. The pI markers were separated after 4 min; however,
we observed that the separation distance was small, as shown in Figure 3a. By expanding the origami
structure, the separation distance was extended to about 40 mm, as shown in Figure 3a. Using a buffer
solution with a pH value intermediate between the pI values of the target materials, the materials



Sensors 2019, 19, 1724 6 of 7

having lower and higher pI values would migrate in opposite directions; thus, our PAD enabled us
to separate materials with short run time and low applied voltage. Figure 3b shows the intensity
distribution of the green color extracted from the RGB image along the expanded paper. The intensity of
the blue color was not considered because the effect of the illumination light was strong. The emission
from the pI 8.7 marker was recognized at about 45 mm. This indicated that most of the pI 8.7 marker
moved to the cathode. Since the green sensor of the camera was sensitive to wavelengths from about
400 to 600 nm, the offset of the intensity was about 40, due to the effect of the illumination light.

On the other hand, the markers did not migrate in the absence of the applied voltage.
The fluorescence was very weak, because the markers stayed on the sample pad, as shown in
Figure 3c.

4. Conclusions

We propose a PAD for the electrophoretic separation of ampholytes such as amino acids.
The electrophoretic separation of ampholytes on paper is difficult, because the pH distribution on paper
varies as a consequence of the electrophoresis of ions in the buffer solution. In a preliminary study,
the pH distribution was visualized using a pH test paper and varied during 15 min of electrophoresis.
The pH values near the anode and the cathode changed from 7 to about 2 and 12, respectively. Then,
the separation should be carried out in a short run time. By folding the filter paper, a low operation
voltage was achieved, where the power was supplied by a 5 V 1.5 A portable power bank through the
USB type A receptacle. We successfully demonstrated the electrophoretic separation of pI markers
(pI 5.5 and 8.7 markers) by our paper-based analytical device. The separation was achieved within
4 min before the pH distribution on the paper varied. While the separation distance on the paper
was initially small, it was extended by expanding the origami structure. This result indicates that our
proposed PAD is useful for electrophoretic separation.

Author Contributions: Conceptualization, Y.M. and T.N.; methodology, Y.M. and K.S.; investigation, Y.M.
and K.S. and H.Y.; writing—original draft preparation, Y.M.; writing—review and editing, Y.M and H.Y.;
project administration, Y.M.; funding acquisition, Y.M.

Funding: This work was partially supported by JSPS KAKENHI Grant Number 16K14156 and Waseda University
Grant for Special Research Projects (Project number: 2018S-112).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Martinez, A.W.; Phillips, S.T.; Butte, M.J.; Whitesides, G.M. Patterned paper as a platform for inexpensive,
low-volume, portable bioassays. Angew. Chem. Int. Ed. 2007, 46, 1318–1320.

2. Yetisen, A.K.; Akram, M.S.; Lowe, C.R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip
2013, 13, 2210–2251. [PubMed]

3. Adkins, J.; Boehle, K.; Henry, C. Electrochemical paper-based microfluidic devices. Electrophoresis 2015, 36,
1811–1824. [PubMed]

4. Cate, D.M.; Adkins, J.A.; Mettakoonpitak, J.; Henry, C.S. Recent Developments in Paper-Based Microfluidic
Devices. Anal. Chem. 2015, 87, 19–41. [CrossRef]

5. Yamada, K.; Henares, T.G.; Suzuki, K.; Citterio, D. Paper-based inkjet-printed microfluidic analytical devices.
Angew. Chem. Int. Ed. 2015, 54, 5294–5310. [CrossRef]

6. Yang, Y.; Noviana, E.; Nguyen, M.P.; Geiss, B.J.; Dandy, D.S.; Henry, C.S. Paper-Based Microfluidic Devices:
Emerging Themes and Applications. Anal. Chem. 2016, 89, 71–91.

7. Sher, M.; Zhuang, R.; Demirci, U.; Asghar, W. Paper-based analytical devices for clinical diagnosis:
Recent advances in the fabrication techniques and sensing mechanisms. Expert Rev. Mol. Diagn. 2017, 17,
351–366. [PubMed]

8. Smith, S.; Korvink, J.G.; Mager, D.; Land, K. The potential of paper-based diagnostics to meet the ASSURED
criteria. RSC Adv. 2018, 8, 34012–34034.

http://www.ncbi.nlm.nih.gov/pubmed/23652632
http://www.ncbi.nlm.nih.gov/pubmed/25820492
http://dx.doi.org/10.1021/ac503968p
http://dx.doi.org/10.1002/anie.201411508
http://www.ncbi.nlm.nih.gov/pubmed/28103450


Sensors 2019, 19, 1724 7 of 7

9. Salentijn, G.I.; Grajewski, M.; Verpoorte, E. Reinventing (Bio)chemical Analysis with Paper. Anal. Chem.
2018, 10, 2659–2665.

10. Carrell, C.; Kava, A.; Nguyen, M.; Menger, R.; Munshi, Z.; Call, Z.; Nussbaum, M.; Henry, C. Beyond the
lateral flow assay: A review of paper-based microfluidics. Microelectron. Eng. 2019, 206, 45–54. [CrossRef]

11. Ma, J.; Yan, S.; Miao, C.; Li, L.; Shi, W.; Liu, X.; Luo, Y.; Liu, T.; Lin, B.; Wu, W.; et al. Paper Microfluidics for
Cell Analysis. Adv. Healthc. Mater. 2019, 8, e1801084. [PubMed]

12. Dungchai, W.; Chailapakul, O.; Henry, C.S. Electrochemical Detection for Paper-Based Microfluidics.
Anal. Chem. 2009, 81, 5821–5826. [PubMed]

13. Lan, W.J.; Maxwell, E.J.; Parolo, C.; Bwambok, D.K.; Subramaniam, A.B.; Whitesides, G.M. Paper-based
electroanalytical devices with an integrated, stable reference electrode. Lab Chip 2013, 13, 4103–4108.
[CrossRef]

14. Matsuda, Y.; Shibayama, S.; Uete, K.; Yamaguchi, H.; Niimi, T. Electric conductive pattern element fabricated
using commercial inkjet printer for paper-based analytical devices. Anal. Chem. 2015, 87, 5762–5765.
[PubMed]

15. Carvalhal, R.F.; Simão Kfouri, M.; de Oliveira Piazetta, M.H.; Gobbi, A.L.; Kubota, L.T. Electrochemical
Detection in a Paper-Based Separation Device. Anal. Chem. 2010, 82, 1162–1165.

16. Shiroma, L.Y.; Santhiago, M.; Gobbi, A.L.; Kubota, L.T. Separation and electrochemical detection of
paracetamol and 4-aminophenol in a paper-based microfluidic device. Anal. Chim. Acta 2012, 725, 44–50.

17. Tao, Z.; Sato, M.; Wu, K.; Kiyota, H.; Yamaguchi, T.; Nakano, T. A simple, rapid method for gizzerosine
analysis in fish meal by paper electrophoresis. Fish. Sci. 2012, 78, 923–926.

18. OuYang, L.; Wang, C.; Du, F.; Zheng, T.; Liang, H. Electrochromatographic separations of multi-component
metal complexes on a microfluidic paper-based device with a simplified photolithography. RSC Adv. 2014, 4,
1093–1101. [CrossRef]

19. Ge, L.; Wang, S.; Ge, S.; Yu, J.; Yan, M.; Li, N.; Huang, J. Electrophoretic separation in a microfluidic
paper-based analytical device with an on-column wireless electrogenerated chemiluminescence detector.
Chem. Commun. 2014, 50, 5699–5702.

20. Xu, C.; Zhong, M.; Cai, L.; Zheng, Q.; Zhang, X. Sample injection and electrophoretic separation on a simple
laminated paper based analytical device. Electrophoresis 2016, 37, 476–481.

21. Luo, L.; Li, X.; Crooks, R.M. Low-Voltage Origami-Paper-Based Electrophoretic Device for Rapid Protein
Separation. Anal. Chem. 2014, 86, 12390–12397. [CrossRef]

22. Wu, Z.Y.; Ma, B.; Xie, S.F.; Liu, K.; Fang, F. Simultaneous electrokinetic concentration and separation of
proteins on a paper-based analytical device. RSC Adv. 2017, 7, 4011–4016.

23. Zhan, W.; Alvarez, J.; Crooks, R.M. Electrochemical Sensing in Microfluidic Systems Using Electrogenerated
Chemiluminescence as a Photonic Reporter of Redox Reactions. J. Am. Chem. Soc. 2002, 124, 13265–13270.
[CrossRef]

24. Li, X.; Luo, L.; Crooks, R.M. Low-voltage paper isotachophoresis device for DNA focusing. Lab Chip 2015, 15,
4090–4098.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.mee.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30474359
http://www.ncbi.nlm.nih.gov/pubmed/19485415
http://dx.doi.org/10.1039/c3lc50771h
http://www.ncbi.nlm.nih.gov/pubmed/25952643
http://dx.doi.org/10.1039/C3RA43625J
http://dx.doi.org/10.1021/ac503976c
http://dx.doi.org/10.1021/ja020907s
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	pH Distribution 
	pI Marker Separation 

	Conclusions 
	References

