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CHAPTER 1 General Introduction



11 Microfluidic paper-based analytical device

The first paper presenting a sensor substrate was published by Yogoda in 1937 [1]. This report
fabricated a paper spot array using a filter paper and hydrophobic paraffin (Fig. 1.1a) and demonstrated
colorimetric detection of Ni?* and Cu?* on the paper spot. It further noted that soaking a fixed volume of
reagents into paper spots helps to quantitatively determine the target analytes in the sample. In 1949, Miiller
et al. reported [2] chromatography for the separation of dyes on a microfluidic channel, which was patterned on
the filter paper via paraffin wax (Fig. 1.1b). This confined microchannel provided an improved diffusion rate
and reduced quantity of reagent. Subsequently, for half a century, research on paper chromatography has been
actively conducted [3-14]. The next breakthrough was reported by Whitesides’ group in 2007 [15]; they
invented patterned paper for potable bioassay (Fig. 1.1c) and, shortly after, defined a microfluidic paper-based
analytical device (WPAD) [16-19]. Subsequently, attention towards uPADs has rapidly increased and many
researchers around the world have energetically conducted related research and developed various prototype

UPADs.
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Figure 1.1 History of the use of paper as the sensor material. (a) A paper spot, fabricated with filter paper
and paraffin for detection of metal ions by colorimetry. Reprinted with permission from reference [1].
Copyright 1937, American Chemical Society. (b) A microfluidic channel patterned on filter paper for paper
chromatography. Reprinted with permission from reference [2]. Copyright 1949, American Chemical Society.
(c) First reported microfluidic paper-based analytical device (WPAD) by Whitesides’ group: photographs after
(i) loading red ink onto the uPAD; (ii) loading detection reagents for glucose and protein onto the pPAD; (iii)
detecting glucose and BSA in artificial urine. Reprinted with permission from reference [15]. Copyright

2007, American Chemical Society.



UPADs derive from “miniaturized total chemical analysis systems (WTAS)”; this is a micro/nano biodevice that
utilizes semiconductor microfabrication technology, precision synthesis technology, and microfluidic control
technology [20-27]. The key feature of “pTAS” is that it can automatically analyze the sample by integrating
the entire manipulation processes, including mixing, reacting, separating, and detecting, as shown in Fig. 1.2
[20-27]. Glass and polymers, such as polydimethylsiloxane (PDMS), are the most common materials for

fabricating micro or nano features of uTAS via lithography techniques [20-27].
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Figure 1.2 Schematic illustration of (a) an ideal chemical sensor, (b) a total chemical analysis system (TAS),
and (c) a miniaturized TAS (uTAS). Reprinted with permission from reference [20]. Copyright 1990,

Elsevier.



Whitesides’ group demonstrated the fabrication of micro-sized patterns on filter paper, via standard
photolithography, as an alternative substrate material to provide additional advantages [15-19]. The
advantages of the paper material as a sensor substrate are as follows: (i) low-cost, (ii) abundance, (iii) ease of
disposability with incineration, (iv) mass productivity, and (v) high chemical/physical stability [28-30]. In
addition, the paper material does not require an external instrument for manipulating the liquid samples owing
to small pores in the cellulose fibers, which draw up the liquid via capillary forces; this is the biggest feature
difference compared with glass and polymer-based devices. Therefore, uPADs are a potential alternative
analytical method, combining the advances of digital technologies to provide a society where anyone, anywhere,

can conduct facile analyses of, for example, biomarkers, ions, or viruses.

To utilize the advantage of paper materials, many researchers have investigated and developed fabrication
methods for achieving high-resolution patterning with low-cost and simple steps (Figure 1.3) [29-32]. The
first report of pWPAD in 2007 used the standard lithography method; however, this method required many steps
and a complicated operation [15]. The developed fabrication methods are classified into four categories; (i)
photolithography, (ii) hand craft, (iii) printing, and (iv) cutting (shaping). Photolithography is used in
photoresists, photomasks, and UV patterning and fabrication must be conducted in a clean room. Hand craft
uses a hydrophobic-ink filled pen (ca. ball-point pen) or a patterning-shape stamp with hydrophobic ink.  Thus,
this is the most approachable method. In printing, the hydrophobic ink, such as thermoplastic wax and a
polymer (UV-curable or thermosetting), is used to print the patterns by a wax printer, an inkjet printer, or mess-
screen printing method.  The fabrication step is facile and the user can select the ink composition. However,
UV-irradiation or heating over 100 °C is required for the formation of the pattern. Cutting used a craft or a laser
cutting machine and can be shaped as designed; i.e., the uPAD fabricated by cutting is bare paper, unlike other
fabrication methods. These methods are facile and require no expensive instruments and special facilities,

which is a reason why research on uPADs is being actively conducted across the world.
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Figure 1.3 Schematic illustration of developed fabrication methods of the uPAD. Reprinted with permission

from reference [32]. Copyright 2015 American Chemical Society.

1.2 Applications to blood analysis

Blood analysis within the field of diagnostics is an application of uPADs [28-30, 33, 34].
Commonly, the plasma (or serum) separation and the control of the precise plasma volume is a crucial
pretreatment process, required to quantitatively analyze the target analyte [35-37]. In this section, reported
technologies for the pretreatment and control of transported liquid volume using paper materials will first be
introduced. Next, several reports that have demonstrated the determination of blood components in serum,

plasma, and whole blood will be briefly explained by dividing the detection methods into three categories.
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Finally, the characteristics of the three detection methods will be compared by focusing on glucose detection,

which is used as a common target.

1.2.1  Approach for pretreatment

Blood cells (particularly red blood cells) affect the signal for determining the concentration of target
analytes in whole blood [35, 36]. Paper is a porous and commercially available material that can be used for
separating the membranes of blood cells. These separated membranes provide the pure plasma via capillary
forces while capturing blood cells in the pores formed by non-uniform fibers. Thus, these separated membranes
are usually embedded into the uPAD for blood tests. The approach without separated membranes, i.e., the
aggregation of red blood cells (RBCs), is effective for separating plasma from whole blood. Yang et al. reported
[38] an alternative RBC aggregation technique using antibody pre-loaded paper (Fig. 1.4a). In this technique,
RBCs in the whole blood are aggregated with antibodies in the inlet of the paper; hence, only plasma will flow
into the WPAD via capillary forces. Nilghaz et al. reported [39] salt-functionalized paper to induce the
aggregation of RBCs by controlling osmotic pressure. This mechanism involves the plasma dissolving the salt
concentrated on the paper and, as a result, the RBC shape deflates to a thin disk, as shown in Fig. 1.4a. This will
encourage the RBCs to contact one-another and form agglomerates; this will enhance the capture efficiency of

RBCs via the paper pores, only allowing plasma to migrate into the paper via the capillary force.

11
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Figure 1.4 Plasma separation technique on paper using agglutination. (a) Schematic illustration of the behavior
of the entire blood on (i) typical filter paper, (i) commercial plasma-separation membrane, and (iii) uPAD with
the aggregation-inducing antibody. Photographs of the uPAD after loading with (iv) plasma, (v) whole blood,
and (vi) after plasma separation. Reprinted with permission from reference [38]. Copyright 2012, The Royal
Society of Chemistry. (b) Salt-functionalized uPAD to induce the aggregation of RBCs by controlling osmotic
pressure: confocal micrographs of RBCs on (i) the glass slide under isotonic conditions; (ii) a filter paper
functionalized with 0.68 M (4% w/v) saline solution; (iii) schematic illustration of the plasma separation using
the salt-functionalized pPAD. Reprinted with permission from reference [39]. Copyright 2015, The Royal

Society of Chemistry.
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Conversely, the retention of proteins in whole blood should be considered as the target molecule during the
separation procedure. Guo et al. reported [40] the approach of plasma separation for providing a low protein
loss using synthetic paper. The synthetic paper was fabricated via multi-directional lithography of an off-
stoichiometry thiol-ene (OSTE) and its architecture comprises fabricated interlocking micropillar scaffolds as
pores. The plasma separation is induced by the capillary separation of plasma and the interlocked micropillar
scaffolds by the local aggregation of blood cells due to loading the RBC aggregation antibody on the inlet pad
of the synthetic paper [40]. Additionally, to reduce the protein loss in the separated plasma, they combined O
plasma treatment with changing the amount of aggregation antibody to provide a high protein recovery of
approximately 82 %. Note that the most important point of plasma separation utilizing paper is that only
plasma can be transported via the paper, without any external forces. However, the plasma transportation by
capillary force of the paper exhibits a trade-off relation with the control of the plasma volume: the transported
plasma volume cannot be controlled after loading to the paper. For accurate blood test diagnosis, the use of
the precise volume of the plasma is essential as blood tests are dependent on the amount of substance per unit
volume of the serum or plasma [37].  Therefore, the challenge is to precisely control the plasma volume during
pretreatment, using only paper materials. To date, various approaches have been developed to overcome this
challenge. The firstis valve techniques to control the approach of liquid samples, as reported by several groups
[41-45]. In the technique reported by Li et al. [41], the sample flow is activated and inactivated via manual
operation of the valve, as shown in Fig. 1.5a. However, this report requires manual operation by the user and,
therefore, is not user friendly. Fu et al. reported [42] a uPAD integrated with an auto-switch system via a
temperature-responsive polymer (Fig. 1.5b). The temperature-responsive polymer actuated paper valve can
automatically connect or disconnect the two channels responding to the various temperature. Note that these

utilize a 2D-design because the single channel is separated into two channels for fabricating the valve.

13



Valve on (right) Valve on (Left)
pe= -’r » .

X Flow Color reaction Decolorization reaction

(b)
(1) (i1) Valve off (1i1) Valve on (iv) Valve off

Paper bridge \

Paper arm —_—

Paper am

s
Paper bridgogeEa e o
o

~~~~~~~~~~~

Storage zone

Fluid

ee Reagents

SMP

Initial state Initial state Turn on a heater Turn off a heater

Figure 1.5 2D-valve technique for controlling the liquid volume with paper materials.  (a) Manual operating
valve fabricated by separating continuous flow channel into two pieces. Reprinted with permission from
reference [41]. Copyright 2008, American Chemical Society. (b) The shape-memory polymer actuated
paper valve (SMP-valve): (i) details of SMP-valve system; (ii — iv) the procedure of the valve activation in the

uPAD. Reprinted with permission from reference [42]. Copyright 2019 Springer Nature.

Martinez et al. [45] reported a different valve technique, involving a 3D-design and a button to control the empty
space between two channels, i.e., this empty space plays the role of the valve. For providing the sample, the

user manually pushes the button to connect the two channels.
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Figure 1.6 3D-valve technique for controlling the liquid volume with paper materials. Cross-section of (a)
the design of the uPAD consisted of seven paper layers, (b) mechanism of the liquid flow using the uPAD (left)
and photographs after operating the valve with ‘on’ button of the uPAD, (c) photographs of the pyPAD from the
top view that demonstrated the liquid flow. Reprinted with permission from reference [45]. Copyright 2010,

American Chemical Society.

The second technique utilizes 2D-microfluidic networks [46-48]. Lutz et al. reported [46] the sequential
delivery of liquids by connecting a series of paper legs to the inlet of the main channel. The inlets, connected
with different leg lengths, were dipped into the liquid reservoir and will disconnect with the reservoir as the
volume of liquid reduces due to liquid penetration into the channels (Figure 1.7a). As a result, the supply of
liquid depends on inlet length.  Additionally, the change in channel length from the detection zone can provide
the arrival time delay of the liquid, i.e., the preloaded dye at each inlet can arrive at the detection zone at different
times, as shown in Figure 1.7a. Thus, the sequential delivery system of liquids can apply the automatic
detection system, which requires multiple loading procedures of various reagents, such as immunoassays. This

group demonstrated that an immunoassay required multiple steps by applying this technique [48].
15
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Figure 1.7 2D-microfluidic networks for controlling the liquid volume via paper materials.  (a) Autonomous
sequential fluid delivery with 2D-microfluidic networks. Each leg wicked liquid from a single buffer source
and dried dyes representing reagents create different fluids from each leg. Each colored liquid arrived at a
different time at the “detection region” (green box) and was shut off in a timed sequence after delivery.
Reprinted with permission from reference [46]. Copyright 2011, The Royal Society of Chemistry. (b)
Application of detection PFHRP2 (Ag) in serum with 2D-microfluidic networks of the uPAD. (i) Before
loading required liquids to the three legs, anti-PfHRP2 IgM was immobilized as a capture line while goat anti-
mouse 1gG was used as a control line. Additionally, anti-PfHRP2 IgG-gold conjugate was patterned for
rehydration on the right leg (red dots). (ii) 15 min after loading of 30 uL Ag (100 ng/mL)-spiked serum, 40
pL and 100 pL of PBS for the right, middle, and left leg, respectively. (iii) 60 min after complete detection of

Ag inserum. Reprinted with permission from reference [48]. Copyright 2014, American Chemical Society.
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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.
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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 etal. reported [50] that treating the paper with sucrose helps delay the fluid, as shown in Fig. 1.9a.
17



The fluid velocity depends upon the concentration of the treating sucrose solution and the higher concentration
delays the transportation of the fluid. Therefore, the transportation time of the fluid can be easily controlled
by changing the sucrose concentration of the treatment solution, without complicated channel design.  Another
approach utilizes a sugar block paste, which can dissolve in the liquid sample [51]. In this approach, the sugar
block paste was connected between two paper materials, shutting off the blood supply after the transportation
of a certain volume as the paste became destroyed (Fig. 1.9b).  Thus, the transfer volume of the liquid depends
upon the properties of the sugar block paste and the materials of the sample source pad; the volume was tunable

from 10 to 80 pL.
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Figure 1.9 Sugar treatment for controlling the liquid volume via paper materials. (a) Liquid control created by
sugar treatment of different concentration dried on paper strips. (i) Schematic illustration of an investigation of
liquid control using sugar treated paper strip. (i) Photograph after dipping the legs of sugar-treated strips into the
dyed fluid source. “B” indicates an untreated strip and “0 %” indicates a strip dipped in DI water (no sugar). (i)
Quantification of arrival times at the finish line. The arrival time for the untreated strip “B” was 44 s and the
maximum delay (treated with 70 % sugar solution) was 53 min. The inset shows detail for shorter delay times.
Reprinted with permission from reference [50]. Copyright 2013, The Royal Society of Chemistry. (b) Control of
blood volume with a fluidic circuit consisted of a dissolvable sugar bridge and two paper pieces. (i) Photograph of
the top view of the fluidic circuit. (ii) Demonstration of the control of the blood volume. The blood supply was
stopped at 3.7 min owing to the destroyed sugar bridge (shut off) after loading the whole blood into the source pad.

Reprinted with permission from reference [51]. Copyright 2013, American Chemical Society.
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1.2.2 Electrochemical detection

Electrochemical detection can provide high measurement performance by measuring electric signals
converted from the chemical reaction via external measuring instruments. In 2009, Dungchai et al. first
reported [52] the application of electrochemical detection to the uPAD and demonstrated the multianalyte
determination of glucose, lactate, and uric acid in human serum, using cyclic voltammetry. The uPAD
fabricated by photolithography was modified with carbon ink containing Prussian Blue as the working and
counter electrode (WE/CE), silver/silver chloride ink as the reference electrode (RE), and conductive pads by

screen printing (Fig. 1.10).
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I

Figure 1.10  First report of the pPAD using electrochemical detection. (a) Device design of the
electrochemical detection cell. WE, working electrode; RE, reference electrode; CE, counter electrode. (b)
Photograph of the three electrode uPADs. The hydrophilic area at the center of the device wicks the sample
into three separate test zones where independent enzyme reactions occur. The device size is 4 cm x 4 cm.

Reprinted with permission from reference [52]. Copyright 2009, American Chemical Society.
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This report achieved the determination of glucose, lactate, and uric acid, with high measurement performance,
using three electrode pPAD: the LODs were 0.21 mM, 0.36 mM, and 1.38 mM, for glucose, lactate, and uric
acid respectively. With the exception of uric acid, sufficient measurement performance was achieved for
clinical diagnosis. To date, many pPADs have been developed that can detect organic molecules [52—60],
proteins [61-66], nucleic acid [67—71], ions [72], and cells [73] as the target analyte in human blood. The
most common target is glucose as diabetes is very common worldwide and a major cause of death [52-57].
Nie et al. developed [53] the cartridge-type uPAD for integration with the commercially handheld glucometer
(i.e., TRUEtrack from CVS/Pharmacy) and enabled rapid and quantitative detection of glucose, cholesterol
lactate, and alcohol (Fig. 1.11a). This pPAD requires ~1 uL sample (blood, plasma, or standard solution) and
achieved good measurement performance of glucose in whole blood with high reproducibility (coefficient of
variance, CV, 9.1 %) when integrated with the commercial glucometer. Noiphung et al. reported [54] the
dumbbell-shaped pPAD that has two plasma separation zones using blood cell separation paper, which is
connected to the detection paper using chromatographic filter paper in the center, as shown in Fig. 1.11b. The
portions of 200 pL undiluted blood were introduced into two separation zones and the separated plasma arriving
at the detection zone in the center will simultaneously contact the commercially reusable electrode. The
current relies on the glucose concentration in the whole blood and is measured using chronoamperometry, with
an Autolab PGSTAT101 electrochemical analyzer. This uPAD, combined with a commercial reusable
Prussian Blue screen-printed electrode, achieved a wide linear range of up to ~33 mM glucose concentration in
whole blood (R? = 0.987), with high reproducibility (maximum CV, 9.0 %). Kong et al. developed [55] a
uPAD combined with paper-disk chromatography and a disposable screen-printed carbon electrode (SPCE),
modified with the graphene/polyaniline/gold nanoparticles/glucose oxidase. The paper disk, after loading with
a minimum of 2 pL. whole blood, is dried in air and laminated to cover the entire electrode. After loading PBS
onto the paper disk, the current, a detected signal, of flavin adenine dinucleotide (FAD) in GOD was decreased
due to the enzyme-substrate reaction, which was measured using differential pulse voltammetry (DPV). The
analytical performance covered the full range of clinically relevant concentrations of glucose in whole blood

(0.2 ~ 11.2 mM) and the LOD was 0.1 mM. Canovas et al. reported [56] the uPAD for working as the
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potentiometric cell and combined it with the wireless potentiometer for measuring the redox potential induced
by the enzymatic reaction. The uPAD was fabricated by combining the paper-based working and reference
electrodes to build an entire potentiometric cell using, which also provides a sampling module for simply and
rapidly determining glucose in a single drop of blood (~25 pL), as shown in Fig. 1.11c.  This report achieved
a linear range from 0.3 to 3 mM and the LOD was 0.1 mM. Additionally, through combination with the
wireless potentiometer, the redox potential as the detection signal can be displayed on a smartphone via
dedicated application software. This is an ideal approach for point of care testing. Unlike the four reports
introduced above, Chaiyo et al. developed [57] a uPAD that does not require an enzyme reaction. The SPCE
of the uPAD was modified with cobalt phthalocyanine, graphene and an ionic liquid (CoPc/G/IL). Due to a
significant synergistic increase of the electrochemical signals using IL, CoPc, and NaOH as supporting
electrolyte (0.1 M), the pPAD achieved excellent performance (the linear range was from 0.01 to 1.3 mM)
without the enzymatic reaction and the LOD was 0.67 uM. Note that the electrochemical detection requires

external measurement instruments, i.e., the electrochemical analyzer for detecting the electric signal.
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Figure 1.11 Quantitative glucose detection in human whole blood by electrochemical detection. (a) Glucose
detection using the cartridge-type uPAD and a commercial glucometer as an electrochemical reader: (i) mass
production of the cartridge-type uPAD; (ii) photograph of commercial glucose test cartridge (left) and the
cartridge-type LWPAD with a wax-defined channel, silver- and carbon-electrode; (iii) glucose measurement using
the cartridge-type UPAD with a commercial glucometer. Reprinted with permission from reference [53].
Copyright 2010, The Royal Society of Chemistry. (b) Photograph of (i) the dumbbell-shape uPAD and (ii)
after loading whole blood to the dumbbell-shape pPAD and laminated onto the commercially usable electrode.
Reprinted with permission from reference [54]. Copyright 2013, Elsevier. (c) Schematic illustration of (a)
the fabrication of the working and reference electrode, (b) the uPAD working as a potentiometric cell, and (c)
photograph of the uWPAD containing the sensor as the sampling cell and the wireless potentiometer. Reprinted

with permission from reference [56]. Copyright 2017, The Royal Society of Chemistry.
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1.2.3 Fluorescent and luminescent detection

Fluorescent and chemiluminescent detection can achieve good performance when measuring the
photo-signals detected by external optical instruments. Fluorescent detection has been applied to numerous
biomarker measurements in human whole blood, such as cancer antigens [74, 75], enzymes [76, 77], nucleic
acid [78, 79], ions [80], and organic molecules [81, 82]. Regarding the application of fluorescence detection
to the uPAD, the detection principle can be categorized into three mechanisms: (i) the fluorescent resonance
energy transfer (FRET) for antigens; (ii) loop-mediated isothermal amplification (LAMP) for nucleic acid; (iii)
others (aggregation-induced emission fluorogen, carbon/quantum dots) for ions and organic molecules. For
glucose detection, Chang et al. developed [82] a UWPAD using aggregation-induced emission fluorogens
(AlEgen) for facile and sensitive visual detection. The principle of AIE-based strategy for glucose detection
is using tetraphenylethene functionalized with the maleimide group (TPE-M), AlEgen, as shown in Fig. 1.12a.
The maleimide group in TPE-M reacts with the active thiol group (-SH) of L-cys, breaking the C*C bond and
forming a new compound, TPE-M-L, which emits strong fluorescence in its aggregated state and thus acts as
the AlEgen. In the presence of hydrogen peroxidase (H.O2) produced by the glucose oxidase-catalyzed
oxidation of glucose, L-cys was oxidized by H,O- to form cystine, which cannot react with TPE-M, resulting
in a subsequent decline in fluorescence intensity. In this report, 1 uL of the mixed solution, including glucose,
glucose oxidase, and L-cys, was loaded after the reaction to the uPAD pretreated with 1 uL of 400 uM TPE-M
acetonitrile solution.  For visual detection, the photograph of the uUPAD was taken under UV light illumination
(365 nm) in the dark. This group demonstrated that the visual detection range of glucose using the uPAD is
0.01 to 5 mM due to the simple recognition of fluorescent intensity (Fig. 1.12b). However, this method

provides a semiquantitative analysis and requires UV light as the excitation light source, as well as a dark place.
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Figure 1.12 Quantitative glucose detection in human serum by fluorescent detection. (a) principle of AIE-
based strategy for glucose detection the tetraphenylethene functionalized with the maleimide group (TPE-M).
(b) Fluorescence of different glucose concentrations obtained by this strategy. (i) fluorescent spectra and (ii)
fluorescent intensity at 460 nm, insert: linear range vs. glucose concentration in this system (results on solution-
state using fluorescent spectra). (iii) photographs of the pPAD detected different glucose concentrations.

Reprinted with permission from reference [82]. Copyright 2018, Elsevier.

Luminescent detection is categorized into two mechanisms, based on chemistry or biology:

chemiluminescence [83-88] and bioluminescence [89, 90]. These detections were also applied to numerous
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biomarker measurements in human blood, such as cancer antigens [83-86], organic molecules [87, 88], anti-
virus antibodies [89], and nucleic acid [90]. The features of chemiluminescent and bioluminescent detections
in the UPAD is the use of immunoassays, based on target (an antigen or organic molecule)-antibody reactions
[83-87], and bioluminescence resonance energy transfer (BRET), based on protein-protein interactions against
the target [89, 90] as the detection mechanisms, respectively. For glucose detection using chemiluminescence,
Li et al. reported [88] a 3D-uPAD comprising the detection layer. At the bottom of the UPAD are four circle-
shaped detection zones for detecting glucose (No.1), lactate (No.2), choline (No.3), and cholesterol (No.4), and
the auxiliary layer at the top which has the channel connected sequentially to the four detection zones, as shown
in Fig. 1.13a.  The four detection zones were modified with chitosan, cobalt ion (Co?*), and different kinds of
oxidases: glucose oxidase, lactate oxidase, cholesterol oxidase, and choline oxidase for glucose (No.1), lactate
(No.2), choline (No.3), and cholesterol (No.4) detection zones, respectively. The chitosan co-immobilizes the
Co?* via the chelating reactions between cobalt ion and the amino groups from chitosan and provides good
support for enzyme adsorption.  Thus, the diluted serum — containing luminol, glucose, lactate, cholesterol,
and choline — loaded to the inlet of the top layer arrives sequentially at the No.1 to No.4 detection zones and
exhibits chemiluminescence, with different times for achieving multiplexed quantitative analysis (Fig. 1.13b).
Focusing on the glucose detection, the linear range was from 0.01 to 1.0 mmol/L and the LOD was 8 uM.  Note

that this method requires an ultraweak luminescence analyzer for measuring chemiluminescent intensity.
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Figure 1.13 Quantitative glucose detection in human serum by chemiluminescent detection. (a) Schematic
illustration of the fabrication of 3D-uPAD and details of reagents introduced in each detection zone. No. 1,
No. 2, No. 3, and No. 4 detection zones are for glucose, lactate, cholesterol, and choline, respectively. (b)
Multi-detection operation mechanism using 3D-uPAD and response chemiluminescent intensity versus time

after loading the sample. Reprinted with permission from reference [88]. Copyright 2019, Elsevier.

1.2.4 Colorimetric detection

The first report by Whitesides’ group has demonstrated glucose and bovine serum albumin (BSA)
detection using standard sample by colorimetry. In 2008, to provide the novel analytical system for the point

of care testing, this group proposed colorimetric detection using photographs obtained by cellphone cameras
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and analytical computer-software for measuring color intensity. For example, Dong et al. reported [91] the
rapid and low-cost measurement of c-reactive protein (CRP) in human blood by integrating the uPAD with a
smartphone (Fig. 1.14a). The pPAD can detect CRP by directly loading whole blood and the color
development is induced by aggregating the gold nanoparticle-conjugated anti-CRP antibody against the
captured CRP at the detection zone (Fig. 1.14b). This report can determine the CRP concentration via
smartphones with a dedicated image analysis application (Fig. 1.14c). Therefore, colorimetric detection is the
most effective method for achieving point-of-care testing as it does not require large-external instruments (e.g.,
electrochemical- or optical analyzers) or a restricted environment for optical systems, as compared to other
detection methods.  Note that the colorimetric detection sometimes requires a small adaptor (such as Fig 1.14d)
for providing the same measurement conditions to achieve a suitable measurement performance in diagnostic

applications.
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Figure 1.14 Colorimetric quantitative analysis of CRP in whole blood by combing the puPAD with a
smartphone. (a) Schematic illustration of the fabrication of the uPAD (left) and the device operation (right).
The pPAD can be used for untreated whole blood owing to the integration of a commercially-available blood
cell separation membrane.  After loading the whole blood at the inlet of the uPAD, the CRP concentration can
be determined by image analysis of the smartphone. (b) The detection mechanism of CRP by sandwich
immunoassay. One channel function as the control and the other two channels show the color depending on
the CRP concentration in whole blood. This study used relative color intensity based on the intensity of the
control.  (c) Photograph after determination of the CRP concentration with a smartphone.  (d) (i) Illustration
of a portable adapter for smartphone measurement. (ii) Photographs of the smartphone attached with the

portable adapter. Reprinted with permission from reference [91]. Copyright 2017, MDPI.
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To date, numerous colorimetric-based uPADs for detecting biomarkers in plasma, serum, or whole
blood have been developed. Like other detection methods, target biomarkers include protein [91-95], enzyme
[92], antigen [96, 97], antibody [98], nucleic acid [99] and organic molecule [38, 39, 100-102]. For glucose
detection via colorimetry, several groups have demonstrated the model assay to clarify the validity of the
developed plasma separation approach [38, 39, 100]. The glucose concentration determined by Yang et al.
[39] and Kar et al. [100] showed a correlation with that determined via conventional methods; however, they
did not describe the linear range or the LOD by their developed uPAD. Nilghaz et al. reported [38] a linear

range from 3 to 5 mM using the uPAD; this result agrees very well with centrifugally-separated plasma.

1.25 Comparison of characteristics of glucose detection using different detection methods

Table 1.1 presents a summary of the measurement performance of glucose in blood (or plasma, serum)
using the different detection methods. Regarding the measurement performance, the use of colorimetric
detection showed the small linear range in 10~ molarity concentration and high LOD, compared to that obtained
by other detection methods. Nevertheless, colorimetric detection has a higher potential for providing point-
of-care testing owing to its non-requirement of large-external instruments and well-maintained environment for
optical measurements. Conversely, electrochemical, fluorescent, and chemiluminescent detection also present
a potential for application to point-of-care testing. However, to achieve point of care testing through these
detection methods, a dedicated portable measurement instrument for integration with smartphones must be
developed. Therefore, the detection method should be carefully selected while considering the required

measurement performance for the target analyte in human blood.
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Table 1.1 Summary of measurement performance of glucose by four detection methods.

External instrument

Detection method Linear range LOD Time Ref
(without PC and Phone)
Electrochemistry 0-100 mM 0.21 mM 100 s Potentiostat 52
~0-27.8 mM 1.44 mM 60 min Commercial glucometer 53
0-33.1mM NDf ~7 min Electrochemical analyzer 54
Electrochemical
02-11.2mM 0.1 mM 55
workstation
0.3-3mM 0.1 mMm 2 min Wireless potentiostat 56
0.01-1.3 mM,
0.67 uM 1 min Potentiostat 57
1.3-5.0mM
Naked eye
Fluorescent 0.01-5mM 10 uM ~60 min 82
(Under UV light)
Chemiluminescent 0.01-1.0mM 8 UM ~10s Luminescence analyze 88
Colorimetry 2.8-11mM NDf 5 min NRT 38
3-5mM NDf 20 min NDf 39
ND*
ND¥ NDf NRTf 100
(~0.5-26 mM)
0-5mM 0.5 mM NRf 17*

+: Not described

+1: Not required

*: Glucose in artificial urine
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1.3 Research objective of this thesis (Summary of the research motivation)

As reviewed in the previous sections, a demand for academic research on microfluidic paper-based
analytical devices (WPAD) has grown rapidly after the first report by Whitesides’ group in 2007. Figure 1.5
shows the relationship between the publication year and the number of (a) publications or (b) citations since
2007 (search word, “paper-based analytical device”). These results indicate that research related to PADs

received increased attention and research and development is still being energetically conducted.
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Figure 1.15 Number of (a) publications and (b) citations after the uPAD concept was first reported by

Whitesides’ group in 2007 (searched on the Web of ScienceTM on December 2nd, 2020).

The motivation of this thesis is to contribute to the improvement of the quality of diagnostics in the
world from the standpoint of low-cost, rapid, and straightforward medical diagnostic technology. The PADs
have been applied to numerous fields, such as clinical diagnostics, environmental analysis, and food safety
analysis. In this thesis, | focused on blood tests that are demanded in many situations —not only in hospitals
— such as home tests and emergency tests in the event of a disaster: there is a great need for the on-site analysis

of blood tests.  The problems with conventional blood tests include the requirement of a large amount of blood,
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a complicated process (such as plasma separation), trained manipulations and techniques, large and expensive
external instruments, high cost, and a long period for obtaining the results.  Therefore, it is difficult to conduct
on-site analysis for conventional blood tests owing to the above problems. In contrast, the reported PAD
towards blood tests can provide an on-site analysis system integrating all of the analytical processes, from blood
loading to detection, as shown in Fig. 1.16. In addition, the reported PAD can be simply disposed of by

incineration, which solves the problems of medical wastage, as well as cumbersome operation and high-cost.

Colorimetric determination of marker of liver function in blood

Detection
Blood collection Loadlng Measurement Incmeratlon
/ \
Target /
- analyte
WY )s. \
@

10 or 20 pL PAD
17 mm square

S. J. Vellaet al., Anal. Chem., 2012.

Integration of the entire analysis process in the PAD

—— Advantages of using PAD for blood tests —

» Portability » Self flow by capillary force
* Reduction of blood and reagents + User friendliness
* Retention of reagent » Disposability

-
On-site analysis can be achieved with a PAD
Fig. 1.16 The reported PAD for measuring liver function markers in blood via colorimetry and a summary of
the advantages of using PADs for blood tests. Reprinted with permission from reference [92]. Copyright

2012, American Chemical Society.

Thus, | considered that the use of PADs in blood tests not only addresses the problems of conventional
blood tests but also provides an on-site, user-friendly analytical method. The drawbacks of using PADs in

blood tests are two-fold: requirement of (i) plasma separation and (ii) an accurate volume manipulation of the
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separated plasma. Several approaches of (i) plasma separation and (ii) accurate volume manipulation of the
separated plasma is introduced and described in Section 1.2.1. The approach of plasma separation is to use
plasma separation paper or the aggregation of red blood cells; both approaches can separate plasma by capturing
red blood cells via pores. However, due to the dead volume of plasma inside the paper, it is necessary to use
up to several hundred microliters of blood. Several approaches for accurate volume manipulation of liquid
samples have been described in Section 1.2.1. However, to date, an innovative technology that enables
constant volume operation has not been established. Thus, the development of PADs that enable constant
volume operation after separating plasma from a low blood volume is important to overcome the present
drawbacks of PADs concerning blood tests. Subsequently, colorimetry, electrochemistry, fluorescence, and
chemi/bio-chemiluminescence are used as PAD detection methods in blood tests. Among them, the
colorimetric method is the simplest for easily obtaining results due to the rapid reaction and visual color change.
Furthermore, quantitative analysis can be performed in combination with digital technology. In this thesis, the
main objective is the development of PADs for low-cost, rapid, and straightforward measurement of

components in human whole blood via colorimetry. The outline of this thesis is summarized in Fig. 1.17.

In Chapter 1, after a brief introduction of PADs, the current state and issues for the application of

blood tests have been discussed by reviewing the recent literature on device development.

Chapter 2 described an evaluation of four different fabrication methods for PADs. To develop a
PAD for use in blood tests by colorimetry, a selection of PAD fabrication methods is required. In this chapter,
common fabrication methods, including craft cutting, wax printing, screen printing, and photolithography were
used for PAD fabrication. Using PADs fabricated via four methods, various parameters — such as cost,
fabrication accuracy, wicking rate, and analytical precision — were investigated and summarized. Through
comparison with the investigated parameters, it was concluded that cutting and screen printing are the optimal

methods of producing colorimetric PADs.

Chapter 3 evaluated the method of image analysis for multi-color detection in uPADs, using CIE

L*a*b* color space. For multi-analyte detection, color signals are specific to the selected reaction and are
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diverse. In the future, to detect multi-analytes in whole blood by colorimetry, the technique of image analysis
that enables a display on a single graph of multicolor signals generated from multi targets in a single graph will
be desired. The pH detection is used as the model of multi-color change and to demonstrate the multi-color
development (pH 2 — 9) on the uPAD. Then, calibration curves (pH versus each color intensity) are obtained
using the RGB scale and CIE L*a*b* color space via image analysis. For the RGB scale, the change in color
intensity depending on pH was not observed. In contrast, the color difference (AE) obtained from CIE L*a*b*
color space showed that the AE value increased monotonously with increasing pH value, with small standard
deviations. Therefore, the combination of the PAD and image analysis based on CIE L*a*b* color space will

enable quantitative analysis of the detection of multi-analytes in whole blood via colorimetry.

Chapter 4 described the development of the PAD for determining the lithium ion concentration in
human blood. The development of PADs that enable plasma separation from a low blood volume and volume
control of the separated plasma is important to overcome the present drawbacks of using PADs in blood tests.
To address these drawbacks, a PAD was designed that consisted of a blood cell separation unit and a detection
unit for detecting the lithium ion concentration. The developed PAD exhibited good measurement
performance, comparable with that of conventional methods. Finally, the PAD was used to determine the
lithium ion concentration in whole blood and exhibited a high recovery rate with high reproducibility. Thus,

I succeeded in developing a PAD for determining lithium ion concentration in human blood.

Chapter 5 described the development of automatic PAD for determining the lithium ion concentration
in human blood. The developed PAD in Chapter 4 still requires improvements, e.g.: (i) further reduction of
required blood volume and (ii) no pipetting when loading a certain volume of whole blood. To achieve (i) and
(i), I invented a fusion device that comprises a digital microfluidics (DMF) unit and PAD unit, comprised of
five circle-shaped PADs: DMF can provide the plasma separation, division, transportation, introduction of a
precise volume of the plasma; the PADs concentrated the detection reagent can detect lithium ions by absorbing
the transported plasma droplet.  Dielectrophoresis was used for the plasma separation and was able to separate
highly pure plasma within 5 min: the plasma volume depended upon the device dimension; the successful
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separation volume was in the range of 20to 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, | 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.

Research objective

Development of paper-based analytical devices for low-cost,
rapid and straightforward determination of components in
human whole blood by colorimetry

v

Basic Study

Chapter 2 Evaluation of fabrication method of the PAD
Chapter 3 Evaluation of image analysis method of the PAD

Application study

Model target : Lithium ion (Li*), one of a subjects of therapeutic drug monitoring

Development of
Chapter 4 PAD for determination of Li* concentration in whole blood
Chapter 5 fusion device for determination of Li* concentration in whole blood

v
Chapter 6 Conclusions and future prospects

Figure 1.17 Outline of this thesis.
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CHAPTER 2 Evaluation of Fabrication Method of

Paper-Based Analytical Devices
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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, | 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 | 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. | selected

the fabrication methods of photolithography, wax printing, screen printing, and craft cutting, because these
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methods are widely used for PAD fabrication and the characteristics, as well as the advantages and
disadvantages, of the methods are significantly different. The evaluations of fabrication methods and the
PADs themselves provide valuable information for developing novel colorimetric PADs of blood tests and the

promise of PADs with better performance features.

2.2 Experimental

2.2.1 Reagents and chemicals

Whatman chromatography paper #1 was purchased from GE Healthcare Japan Co., Ltd. (200 x 200
mm, thickness = 0.18 mm, Tokyo, Japan) and used as a substrate for uPAD devices. SU-8 2010 photoresist
and SU-8 developer were obtained from Microchem (Westborough, MA, USA). Isopropanol, used to remove
unreacted SU-8 developer, was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Polydimethylsiloxane (PDMS, SILPOT 184 CAT), used as hydrophobic ink for screen printing, was purchased
from Dow Corning Toray Co., Ltd. (Tokyo, Japan). For edge observations, a 1 mM phenolphthalein solution
was prepared by dissolving phenolphthalein (special grade, Kanto Chemical Co., Inc., Tokyo, Japan) in
ultrapure water (Millipore water purification system, 18 MQ cm, Milli-Q, Millipore, Bedford, MA, USA) and
added 0.1 mM NaOH. To measure the wicking rate, 9 mM bromothymol blue (Wako special grade, Wako
Pure Chemical Industries) was prepared by dissolving in 95% ethanol. Albumin, from bovine serum (Wako 1%
grade) was obtained from Wako Pure Chemical Industries and used with ultrapure water to prepare BSA
standard solutions (0, 20, 40 and 60 uM). A citrate buffer solution (250 mM, pH 1.8) was prepared by mixing
(41 : 8 v/v) of a 250 mM trisodium citrate dihydrate solution (special grade, Wako Pure Chemical Industries,
Ltd.) and a 250 mM citric acid solution (special grade, Kishida Chemical Co., Ltd., Osaka, Japan). To measure
the BSA concentration, 9 mM tetrabromophenol blue (TBPB, Sigma-Aldrich Co., Inc.) was prepared by

dissolving in 95% ethanol.
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2.2.2 Pattern designs and fabrication procedures of PADs by four methods

The patterns of the photomasks for photolithography were designed using AutoCAD 2015 (Autodesk,
Inc., CA, USA), and then obtained from Unno Giken Co., Ltd. (Tokyo, Japan). The pattern of the hydrophobic
barrier for the PAD was designed using Inkscape and Adobe Illustrator (Adobe Systems Inc., Tokyo, Japan),
for wax- and screen-printing methods, respectively. The pattern for the craft cut PAD was designed using
Silhouette Studio software (GRAPHTEC Corp., Kanagawa, Japan). As shown in Fig. 2.1, the channel design
of the PAD had eight channels connected to eight separate detection zones (¢ = 4 mm) located around the buffer

introduction zone (¢ = 12 mm).

The PAD was fabricated by standard photolithography procedures reported previously [12, 28]. A
piece of chromatography paper #1 (the substrate) was cut to the same size as a photomask (Unno Giken Co.,
Ltd., Tokyo, Japan) and the paper substrate was immersed into the photoresist. A spin coater (MS-A100,
Mikasa Co., Ltd., Toyo, Japan) was used to remove the excess photoresist. After spin coating, the paper
substrate was baked on a hotplate at 95 °C for 5 minutes, and then removed from the hotplate and cooled to
room temperature. The paper substrate was aligned with the photomask and exposed to UV radiation using a
mask aligner M-1S-type (Mikasa Co., Ltd.). The UV-irradiated paper was placed on the hotplate at 95 °C for
5 minutes. After cooling to room temperature, the paper substrate was immersed into the SU-8 developer for
6 minutes. Finally, the channel-patterned paper was rinsed with isopropanol and dried with an air-gun to get

the PAD.

Fabrication protocol for screen printing of the PAD was reported previously [19, 29]. In brief, a
screen stencil was designed to arrange the 36 paper device patterns in the printing area. The paper substrate
was fixed to the screen printing apparatus using a vacuum pump unit. Degassed PDMS ink was poured onto
the screen stencil on the paper substrate. The PDMS ink was rubbed into the stencil using a squeegee for the

optimized number of times for the PAD. The PDMS screen printed PAD was heated in the oven at 120 °C for
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30 minutes. Then, it was removed from the oven and cooled at room temperature.  Finally, the PAD was cut

into a suitable size for the experiments.

The pattern of the hydrophaobic barrier for the PAD was designed using Inkscape software. A Xerox
Tektronix PHASER 850 wax printer was used to create channel patterns on a paper substrate for the PAD. The
wax printed PAD was put into an oven at 120 °C for 2 minutes. Then, it was removed from the oven and

cooled to room temperature.  Finally, the PAD was cut into a suitable size for the experiments.

The standard craft cutting method [4] was employed with a minor modification. The PAD pattern
was designed using the Silhouette Studio software. The paper substrate was set in a craft cutting machine and

the cutting condition was set at 3 cm/s.  This gave the craft cut PAD in a ready to use form.

Figure 2.1 Photograph of the PAD used in this study. Its channel design consists of eight channels

connecting to eight separate detection zones (p=4 mm) which are located around the central detection and buffer

introduction zone (p=12 mm).
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2.2.3 Protein assay procedure

First, 15 puL of a 250 mM citrate buffer solution (pH 1.8) was introduced into the buffer zone and was
evaporated using a dryer for 2 min. Then, 15 pL of a 9 mM TBPB solution in 95% ethanol was introduced
into the buffer zone and was evaporated using a dryer for 5 min.  Finally, 3.5 uL of BSA solutions of different
concentrations was separately spotted onto the eight detection zones. Colorimetry was used as the detection
method. The distance between the PAD and a digital camera (EOS Kiss X6i, Canon, Tokyo, Japan) was ca.
20 cm, and images of the PADs were taken using a digital camera under fluorescent lighting conditions. The

color information was measured with an image analysis software program (ImageJ Ver. 1.48).

2.3 Results and discussion

2.3.1 Evaluation of fabrication efficiency

In Table 2.1, I summarize my comparison of the PADs fabricated by the four types of methods.  First,
I evaluated the ease of implementing each PAD fabrication method. | fabricated the PADs as shown in Fig.
2.2.  Wax printing, screen printing, and craft cutting methods were very simple; especially, screen printing
only required rubbing PDMS ink on the stencil several times using a squeegee to get ink penetration into the
paper substrate. Wax printing and craft cutting could automatically fabricate PADs using the respective

apparatuses. However, photolithography included many fabrication steps and took a long time.
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Wax printing Screen printing

Photolithography Craft cutting

Figure 2.2 The PAD fabricated by photolithography, wax printing, screen printing and craft cutting.

Then, | 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. 1 used a stencil with
a 20-cm square printing area, and the PAD size was 3-cm square. | 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, | can assume
the throughput of the number of fabricating PADs (~2 c¢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, | 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

| 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, | define the microchannel clearly patterned by hydrophobic ink as good channel patterning.
Therefore, | 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. | assume that the photoresist could not completely crosslink due to poorer
UV exposure on the paper backside. | 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. (&, b) show SEM images of the PAD fabricated by photolithography and (c, d) show SEM

images of the PAD fabricated by screen printing.



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, |
consider that the wax ink could not penetrate uniformly into the cellulose fibers, and this might affect the
performance of the PAD. Woax 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.
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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. | 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,
| 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, | 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, | therefore evaluate the wicking

rate of the PADs.

The solution The solution
leaked out flowed out.

g 5 . \-S‘

X7 M

Photolithorap Wax printing Scren printing  Craft cutting

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

four methods.
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2.3.3 Evaluation of the wicking rate

To evaluate the wicking rate changing of four fabrication methods, | measured the wicking rate of the
PADs using 9 mM bromothymol blue (dissolved in 95 % ethanol). First, 15 uL of 9 mM bromothymol blue
or ultrapure water was dropped onto the center part of the buffer introduction zone. Then, | measured the time
for the solution to reach the detection zone. The wicking rates of bromothymol blue were 0.724 (RSD =
3.41 %), 0.574 (6.23 %), 0.853 (1.92 %), and 0.960 (2.72 %) mm/s, for photolithography, wax printing, screen
printing, and craft cutting, respectively (See Table 2.1). The wicking rates of the PADs fabricated by craft
cutting and screen printing were faster than the other fabrication methods, because the channel areas were
completely formed without any chemical processing. Contrary to my expectation, the PAD fabricated by
photolithography had a moderate wicking rate.  For this experiment, because the PAD had not undergone the
oxygen plasma treatment, | consider that the organic solvent remained in the cellulose fibers, which promoted
wicking of the ethanol-based solution. The PAD fabricated by wax printing had the slowest wicking rate due

to unclear patterning of the channel design.

I also measured the wicking rate under the same experimental procedures using ultrapure water.
Water dropped onto the PAD fabricated by photolithography without oxygen plasma treatment did not flow into
the PAD (Fig. 2.6). | then used the PAD that had undergone the oxygen plasma treatment and measured the
wicking rate of ultrapure water (Table 2.1). The wicking rates were 0.831 (RSD = 9.65 %), 0.810 (12.8 %),
1.37 (12.9 %), and 1.97 (5.04 %) mm/s, for photolithography, wax printing, screen printing, and craft cutting,
respectively. Product information of Whatman chromatography paper #1 (thickness: 0.18 mm, weight: 87
g/m?) is reported to be 130 mm/30 min (0.0722 mm/s). However, the provided wicking rate was measured by
a different evaluation method from my case. | assume that the wicking rate of the PAD fabricated by craft
cutting shows a similar value with typical chromatography paper, because the PAD is composed by bare
cellulose fiber. Therefore, | compared the wicking rate of the craft cutting device and other devices. The
wicking rates of the PADs fabricated by craft cutting and screen printing were also faster than the other
fabrication methods, because the channel area were completely formed without any chemical processing. The
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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. | 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. | 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. | consider that the bare cellulose fibers and
desirable diffusion rate of proteins were responsible for the high detection intensity. However, | did not
confirm any large difference in the STD among the PADs, because of the similar color reproducibility in
detection zones among the PADs. | 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

| 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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improve the wicking rate and to avoid cross-contamination.  Screen printing is also an easy fabrication method.
The screen-printed PAD had a good wicking property and showed high detection intensity. Craft cutting
provides an automated fabrication for many PADs at once. The craft cut PAD had the fastest wicking rate
among the four PADs due to the bare cellulose fibers. In conclusion, my reports established that different
hydrophobic barrier conditions due to different four fabrication methods effected to the analytical properties,
such as the wicking rate, the evaporation rate, and the measuring performance of colorimetry. | assume that
the detection intensity can be raised by optimizing the evaporation rate. For these results, | concluded cutting
and screen printing is suitable fabrication method for developing colorimetric PADs of blood test.  Finally, |
believe that these reported characteristics of the PADs will promote development of other new PADs and will

lead to improved PAD performance.

25 Reference

[1] Y. Yang, E. Noviana, M. P. Nguyen, B. J. Geiss, D. S. Dandy, and C. S. Henry, Anal. Chem., 89, 71-79
(2017).

[2] L. S. A. Busa, S. Mohammadi, M. Maeki, A. Ishida, H. Tani, and M. Tokeshi, Micromachines, 7, 86
(2016).

[3] D. Cheng, X. Zhang, X. Li, L. Hou, and C. Wang, 4nal. Sci., 33, 185-189 (2017).

[4] N. A. Meredith, C. Quinn, D. M. Cate, T. H. Reilly, J. Volckens, and C. S. Henry, Analyst, 141, 18477-
1887 (2016).

[5] L. H. Mujawar, A. A. Felemban, and M. S. El-Shahawa, Anal. Sci., 32, 491-497 (2016).

[6] L. Syedmoradi, M. Daneshpour, M. Alvandipour, F. A. Gomez, H. Hajghassem, and K. Omidfar,
Biosens. Bioelectron., 86, 353-368 (2016).

[7] F. Hori, Y. Harada, T. Kuretake, and S. Uno, 4nal. Sci., 32, 355-359 (2016).

[8] J. Sittiwong, and F. Unob, Anal. Sci., 32, 639-643 (2016).

[9] K. Tominaga, S. Arimoto, K. Shimono, T. Yoshioka, F. Mizutani, and T. Yasukawa, Anal. Sci., 33, 531-
59



536 (2017).

[10] A. W. Martinez, S. T. Philips, M. J. Butte, and G. M. Whitesides, Angew. Chem. Int. Ed., 46, 1318-
1320 (2007).

[11] A. W. Martinez, S. T. Phillips, G. M. Whitesides, and E. Carrilho, Anal. Chem., 82, 3-10 (2010).

[12] L. S. A. Busa, T. Komatsu, S. Mohammadi, M. Maeki, A. Ishida, H. Tani, and M. Tokeshi, Anal. Sci.,
32, 815-818 (2016).

[13] E. Carrilho, A. W. Martinez, and G. M. Whitesides, Anal. Chem., 81, 7091-7095 (2009).

[14] K. Ogawa, and T. Kaneta, Anal. Sci., 32, 31-34 (2016).

[15] K. Abe, K. Suzuki, and D. Citterio, Anal. Chem., 80, 6928-6934 (2008).

[16] X. Li, J. Tian, and W. Shen, Cellulose, 17, 649-659 (2010).

[17] J. L. Delaney, C. F. Hogan, J. Tain, and W. Shen, Anal. Chem., 83, 1300-1306 (2011).

[18] X. Yan, Y. Zheng, J. Gao, and J. Lee, Anal. Sci., 33, 1-3 (2017).

[19] S. Mohammadi, M. Maeki, R. M. Mohamadi, A. Ishida, H. Tani, and M. Tokeshi, Analyst, 140, 6493-
6499 (2015).

[20] W. Dungchai, O. Chailapakul, and C. S. Henry, Anal. Chem., 81, 5821-5826 (2009).

[21] Y. Sameenoi, P. N. Nongkai, S. Nouanthavong, C. S. Henry, and D. Nacapricha, Analyst, 139, 6580-
6588 (2014).

[22] J.-Y. Sun, C.-M. Cheng, and Y.-C. Liao, 4Anal. Sci., 31, 145-151 (2015).

[23] W. Liu, Y. Guo, M. Zhao, H. Li, and Z. Zhang, Anal. Chem., 87, 7951-7957 (2015).

[24] J. Yu, S. Wang, L. Ge, and S. Ge, Biosens. Bioelectron., 26, 3284-3289 (2011).

[25] P. K. Yuen, and V. N. Goral, Lab. Chip, 10, 384-387 (2010).

[26] X. Li, D. R. Ballerini, and W. Shen, Biomicrofluidics, 6, 011301 (2012).

[27] A. K. Yetisen, M. S. Akram, and C. R. Lowe, Lab. Chip, 13, 2210-2251 (2013).

[28] L. S. A. Busa, M. Maeki, A. Ishida, H. Tani, and M. Tokeshi, Sens. Actuators, B, 236, 433-441 (2016).

[29] T. Komatsu, S. Mohammadi, L. S. A. Busa, M. Maeki, A. Tshida, H. Tani, and M. Tokeshi, Analyst,

141, 6507-6509 (2016).
60



CHAPTER 3 Consideration of Image Analysis Method
for Multicolor Detection

on Paper-Based Analytical Devices
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3.1 Introduction

Since the first report of a PAD in 2007 by Whitesides’s group as inexpensive analytical and diagnostic
devices [1], PADs have steadily gained attention and interest among researchers [2-4]. The PADs have a great
potential as analytical devices in resource-limited settings because they are inexpensive, easy-to-use and require
no special measuring instruments.  Several types of fabrication methods have been developed including
photolithography [5, 6], screen printing [7], wax printing [8, 9], inkjet printing [10, 11] and cutting [12].
Several detection methods for the PADs also have been proposed such as colorimetric [1, 6], fluorescence [13],
electrochemical [7], and electrochemiluminescence [14] methods. In these detection methods, colorimetric
methods based on an image analysis of digital images of the device are used most widely because they offer
easiness and simplicity of use. These methods require no special apparatus, only a digital camera or
smartphone, and allow quantitative analysis by reading out the color information (RGB value or CMYK value)
of the detection area of a PAD in the digital image. The color information is mainly obtained as separate RGB
channel values or grayscale, which give the amount of analyte on the basis of the relationship between the color
information and the analyte concentration.  Several software applications for smartphones have been
developed to perform image analysis of the PAD images [15, 16]. Therefore, a combination of pPADs and
image analysis is a suitable technique for point of care testing and applications in resource-limited settings.
The grayscale (the average of RGB values) is one of the most common measure in image-analysis based
colorimetry [6, 17-19]. However, the grayscale possibly does not allow quantitative analysis based on
multiple changes of color such as a universal pH test strip because the grayscale cannot follow multiple color

changes.

Herein, | report a simple colorimetric pH measurement method using a PAD based on the CIE L*a*b*
color system. The CIE L*a*b* color system has three coordinates L*, a*, and b*. The L* value indicates
lightness, and (a* + b*)*? and tan™(b*/a*) indicate chroma (Cs) and hue angle (ha), respectively. The color

difference (AE) between an objective color and a reference one is given by following equation [20-22]:
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AE = \/(ay — ag)? + (by — bo)2+(Ly — Lo)? 3.1)
where subscripts x and 0 denote objective and reference, respectively. Abe et al. [11] previously demonstrated
the pH measurement using a universal pH indicator and the a* coordinate. However, the reported method did
not cover a wide pH range because of lack of color information. The a* coordinate indicates redness and
greenness for the positive (+a*) and negative (-a*) direction, respectively. The a* value is given by a* = Cy,
x cos (hay). The colors (red and orange) appeared at low pH values corresponds to small hue angels. This
resulted in the small change in the a* coordinate. Thus, only the use of the a* value is not suitable for pH
measurement based on formation of multiple colors. Commonly, multiple-color changes have gained great
attention in various assays, such as heavy metal assay [23] and enzymatic assay [24, 25], which could be
applicable to PAD formats. Therefore, | examined if the quantitative measurement of pH can be performed

by using AE for multiple color changes because AE contains much color information.

3.2 Experimental
3.2.1 Materials and Reagent

A universal pH indicator was prepared by mixing 0.11 mM thymol blue (pKa; = 1.7, pKa. = 8.9, pH
range 1.2-9.6, Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.45 mM methyl red (pKa = 5.1, pH 4.2—
6.2, Wako Pure Chemical Industries, Ltd.,), 0.96 mM bromothymol blue (pKa = 7.1, pH 6.0-7.6, Kanto
Chemical Co., Inc., Tokyo, Japan), and 3.1 mM phenolphthalein (pKa =9.3, pH 7.8-10.0, Kanto Chemical Co.,
Inc.) in 95% ethanol [1]. A 0.1 M phosphate buffer (Wako Pure Chemical Industries, Ltd.), 0.1 M acetic acid
buffer (Kanto Chemical Co., Inc.), and 0.1M Tris-HCI buffer (Wako Pure Chemical Industries, Ltd.) were used

for adjusting pH value in test solutions in a range of 2 to 9.
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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 x 200 mm, thickness: 0.18 mm, GE Healthcare Japan Co., Ltd.,

Tokyo).

| 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 x 30 mm).
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Detection zone
@ =4 mm

Introduction zone
@ =12 mm

Figure 3.1 Illustration of the design of the PAD. The PAD had eight detection zones (¢ = 4 mm) and an

introduction zone (center part, ¢ = 12 mm).

3.2.3 Experimental procedure and image analysis

In the pH measurement with the PAD, 0.5-uL portions of aqueous solutions prepared at various pH
values were introduced into the respective detection zones.  After a 5-min incubation at room temperature, 15
uL of a universal pH indicator (the composition and the concentration are shown below and in the Supporting
Information) was introduced into the introduction zone.  After a 1-min incubation, a digital image of the PAD
was taken with a digital camera (EOS Kiss X6i, Canon, Tokyo, Japan) under fluorescent lighting conditions.
The distance between the PAD and the camera was fixed to ca. 20 cm. | used the ImageJ (ver. 1,48) software
to obtain digital color information from digital images. A circular region of interest (ROI, 27000 pixels) was
drawn around the detection zone in the digital image and was analyzed using the software, as shown in Fig. 3.2
(red broken line). For RGB values and grayscale, the “Measure RGB” plugin was used. The paper-based
device had 8 detection zones with 4-mm diameter. | analyzed the 8 detection zones for a single paper-based

device. For the image analysis in the CIE L*a*b* color space, the image was converted from RGB color space
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to CIE L*a*b* color space with the “Color Space Converter” plugin in the image analysis software and then
separated into respective channels of L*, a*, and b*. A circular region of interest (ROI, 27000 pixels) was
selected around each detection zone and was analyzed using the software, as shown in Fig. 3.2 (a red dotted
circle). In this study, | used the mean value on each measuring scale as the measuring value. | performed

the assay in triplicate. ~Figure 3.3 shows a plot of grayscale at various pH values.

The analyzing area

Figure 3.2 The analyzing area of paper-based device.
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Figure 3.3 Plot of grayscale against pH value.
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3.3 Results and discussion

3.3.1 Measurement of pH using RGB scale and CIE L*a*b* color space

To perform the pH measurement in a wide range of pH values, | used the universal pH indicator
consisting of thymol blue, methyl red, bromothymol blue, and phenolphthalein [9]. Figure 3.3 shows a
photograph of the PAD, showing that the pH indicator exhibited various colors, such as red, orange, yellow and

green in response to the pH values of test solutions (pH 2—9) at the detection zones.

Figure 3.3 Photograph of the PAD producing multiple colors for various pH values (2-9).  Aqueous solutions
(0.5 pL) with different pH were introduced into separate detection zones and the universal pH indicator (15 pL)

was added to the introduction zone.

First, I analyzed the color of the detection zones in the digital images in typical RGB color space and
the CIE L*a*b* color space. The obtained each value was given as a mean in the region. Thus, the
nonuniformity in the colors in each zone was flattened. Consequently, the nonuniformity had little effect on
the assay results. Figure 3.4a,b show a plot of obtained mean values by the grayscale and the RGB scale

against various pH values, respectively.
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Figure 3.4 Plots of (a) grayscale and (b) plot of R, G, and B against pH value difference against pH value.
Data points represent the mean of 3 measurements and error bars represent one standard deviation from the

mean.

The RGB values and grayscale showed no monotonic change in response to the pH value of 2-9 and narrow
detectable pH range with RGB values.  This is due to lack of the color information because the respective RGB
values show only the information of redness, greenness or blueness of the resulting colors. | also considered
that large standard deviations were caused by the reproducibility of colors of photograph. Therefore, the RGB

value is not suitable for pH measurement in the PAD giving multiple colors.

Next, | analyzed the color of the detection zones in the digital images in the CIE L*a*b* color space.
The obtained each value was given as a mean in the region.  Thus, the nonuniformity in the colors in each zone
was flattened. The images were converted from the RGB color space to the CIE L*a*b* color space and split
to L*, a*, and b* channel with the Color Space Converter plugin prior to the image analysis. The detection
zones in the split images were selected with circle and measured to obtain L*, a*, b* values. Figure 3.5 shows
3D and 2D plots in CIE L*a*b* color space. Figure 3.5b shows a plot of a* and b* coordinates. Figures 3.5

a,b indicate that the data points formed a trace in an arc in response to an increase in pH value.
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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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Figure 3.6 also shows dependencies of pH value on each coordinate (L*, a*, and b*). The a* value

was decreased with increasing pH value as shown in Fig. 3.6. However, the a* value shows no significant
change at low pHs because of large standard deviation as shown in Fig. 3.6, which suggests that the pH cannot
be measured with the a* value. The b* value and the L* value did not show monotonic changes in response

to the pH value of 2-9 (Fig. 3.6)
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Figure 3.6 Plots of L*a*b* against pH value.
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Subsequently, the color difference (AE) was calculated using Eq. (3.1) with the values of Lo*, ao*,

and bo* for the color produced at pH 2. Figure 3.7a shows that the AE value increased monotonously with
increasing pH value with small standard deviations. This confirmed high assay reproducibility. The

detectable pH range was wider than those obtained with the RGB-based image analysis and single channel value

of L*, a*, and b*. For comparison, tan*(b*/a*)* vs. pH value plot was constructed (Fig. 3.7b) because tan

}(b*/a*) contains the hue information as well as AE. The tan}(b*/a*) showed linear relationship with the pH

value in the range of 2-9 (r>=0.972). However, the tan"*(b*/a*) values showed larger standard deviation than

AE at low pHs.
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Figure 3.7 Plots of (a) CIE L*a*b* color difference against pH value and (b) plot of tan}(b*/a*) at pH values

in CIE L*a*b™* color system. Data points represent the mean of 3 measurements and error bars represent one

standard deviation from the mean. In panel (a), data were fitted to a sigmoidal curve.
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3.4. Conclusions

In conclusion, | demonstrated a simple pH measurement in the PAD by the colorimetric method based
on the CIE L*a*b* color difference (AE). The use of AE was suitable for a colorimetric pH measurement
based on the multiple color changes due to the universal pH indicator. For these results, | concluded the CIE
L*a*b* color system can provide the multi-color detection. In the future, | expect that the combination of the
PAD and image analysis based on CIE L*a*b* color system will enable quantitative analysis of multi-
components in not only whole blood but also other liquid samples such as urea, milk [24] and river/sea water

for multiple color changes.
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CHAPTER 4 Development of Paper-Based Devices for
Determining Blood Lithium lon

Concentrations
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4.1 Introduction

Lithium carbonate is used for the treatment of bipolar disorder [1, 2]. The therapeutic concentration
range of lithium ions is narrow (0.4 to 1.2 mM) in blood [3-8], and this is very close to the toxic range (>1.5
mM) [3-8]. Therefore, it is necessary to control the lithium concentration in blood to prevent severe side
effects, such as tremors and vomiting. In addition, the suitable lithium concentration in blood is patient-
dependent, and dosage must be determined based on psychological state, diet, and the presence of other ingested
drugs [8, 9, 10]. In particular, health professionals must monitor the relationship between the lithium-ion
concentration in the blood and the patient’s condition to select the most appropriate dose [8, 11]. After
treatment has started, the lithium-ion concentration in the blood must be measured in the early morning before
the administration of lithium; this allows the evaluation of the trough value [8, 12]. After treatment
stabilization, patients with bipolar disorder must undergo a regular assessment of their blood lithium-ion

concentration at least once every 2—3 weeks or 3—6 months in the case of long-term treatment [8, 13].

In 1967, Bowman first reported [14] the measurement of the lithium-ion concentration in serum by
atomic absorption spectrometry (AAS). However, this method requires the dilution of blood serum.  To solve
this challenge, flow injection, a non-diluting process, integrated with AAS was developed [15]. Moreover, a
non-diluting measurement of the lithium ion concentration in serum by frame photometry was achieved by
integration with the flow injection technique [16].  Electrochemical detection including ion selective electrodes
[17-19] and capillary electrophoresis [20] was reported as another measurement technique in the 1980s. In
the 2000s, since the first report of the colorimetric method for the determination of lithium-ion concentration in
blood serum using chromoionophore 1 [21], several colorimetric [22, 23] and fluorometric [24—26] approaches
have been developed. In particular, Glazer reported a colorimetric lithium assay with a duration of 2 min [23].
However, this method requires a large amount of blood (50 pL) and staff trained to handle low plasma volumes
(0.2 pL). Additionally, other reported methods require not only the separation of interfering components
including blood cells (BCs) and sodium and potassium ions but also pH adjustment.  Therefore, these methods
are restricted to the laboratory.
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Recently, the research and development of “lab-on-a-chip” technologies have been carried out to
develop point of care testing (POCT) devices for the determination of the lithium ion concentration in whole
blood samples. In particular, capillary electrophoresis microchips [27—-29] and paper based potentiometric
cells [30], which integrate BC separation and serum dilution, have been developed. These approaches achieve
direct measurement by integrating pretreatment procedures, but they have several disadvantages, for example,
complicated channel design and fabrication procedures and high voltage manipulation using expensive
instruments. Therefore, a simple and low-cost method integrated with blood cell separation for the POCT of

the lithium-ion concentration is urgently required.

Microfluidic paper-based analytical devices (WPADs) have been used for POCT in a broad range of
analytical field such as clinical diagnosis [31-34] and tests for toxins in food and water [35-38] because a paper

substrate provides several advantages as an analytical tool.

(1) Cellulose-based paper is readily available and inexpensive.

(2) The fibric cellulose structure of paper has the ability to wick liquid fluids by capillary force without

an external power source.

(3) Patterning to form hydrophilic zones using typical cutting methods or common printing methods

is possible.

(4) Paper has good portability, disposability, and biological compatibility.

(5) Various detection methods can be selected according to their needs. In particular, the colorimetric

method based on image analysis with a smartphone is a simple and user-friendly method.

This paper describes a paper-based device for blood cell separation and the colorimetric determination

of the lithium ion concentration in whole blood with a small sample volume at low cost. The key feature of
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this device is that the assay is completed in a single step.  As described in General Introduction, the drawbacks
of PADs toward blood tests are two points: needing (i) the plasma separation and (ii) an accurate volume
manipulation of the separated plasma. To overcome these drawbacks, | designed the device configuration as
shown in Figure 4.1.  After whole blood is placed on the injection port, it is transferred into the separation unit
under the action of capillary forces. Blood cells are filtered in the first half of the separation unit by small
pores of glass fibers. In contrast, plasma reaches the detection unit to produce a colored product visible
through the detection window. This device is simple and user friendly. Because the detection unit is placed at
the end of the separation unit, the sample flows perpendicularly from the end of the separation unit to the
detection unit. Compared to lateral flow, perpendicular flow provides uniform color formation in the detection
window built into the detection unit and prevents the migration of the free reagent to the edge of the detection
window. The detection window contains a concentrated detection reagent (F28 tetraphenylporphyrin,
F28TPP), which yields a strong magenta color in the presence of lithium ions. The developed uPAD exhibits
high sensitivity, precision, and reproducibility comparable with conventional measurement instruments with
standard samples. In addition, although an increase in the coefficient of variation was necessitated for
utilization in POCT, the test results of the spiked blood samples showed good linearity. The required sample
volume was 10 pL, and the assay time was approximately 10 s. Thus, the lithium ion concentration of blood
can be measured by non-specialists anywhere using only the device and a smartphone. Consequently, the
present device will provide an alternative method for the monitoring of the blood lithium ion concentration in

the treatment of bipolar disorder.
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Blood cell separation unit

Supplies plasma after separation of
blood cells from whole blood. Lithium-ion detection unit

Detection window

Length =2.2 cm

Width =4 mm ®=4mm
Sucks up plasma from the
separation unit.
|

\

<—— PDMS substrate
The hole in the PDMS substrate
prevents leakage of the whole blood
sample from the separation unit.

Figure 4.1 Device design for the determination of the lithium ion concentration in blood. The paper-based

device consists of a blood cell separation unit, a lithium-ion detection unit, and a polymer substrate.

4.2 Experimental
4.2.1 Reagents and chemicals

High-purity cotton blotting paper #319 was purchased from Ahlstrom-Munksjo Co., Ltd. (20 x 20 cm,
thickness: 0.48 mm, Helsinki, Finland) and used as a substrate for the lithium ion detection unit. An MF1,
blood cell separation membrane, was purchased from GE Healthcare Japan Co., Ltd. (22 mm x 50 m, thickness:
0.367 mm, Tokyo, Japan) for the blood separation unit. ~ These surface images of paper materials treated with
gold vapor deposition for 1 min were observed by a benchtop scanning electron microscope (SEM; JCM-
6000Plus Versatile Benchtop SEM, JEOL Ltd., Tokyo, Japan.) as shown in Fig. 4.2. For use as a hydrophobic

screen-printing ink and polymer substrate, polydimethylsiloxane (PDMS, SILPOT 184 CAT) was purchased
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from Dow Corning Toray Co., Ltd., (Tokyo, Japan). Multi walled carbon nanotubes (Sigma—Aldrich Co., Inc.,
St. Louis, MO, USA) were mixed with the hydrophobic ink to prevent the reflection of fluorescent light. For
the measurement of the lithium ion concentration, | used a lithium ion standard solution (2 mM) and F28
tetraphenylporphyrin (F28TPP) as the detection reagent. These were contained in a commercially available
colorimetric assay kit, (ESPA Li IT, NIPRO Co., Inc., Osaka, Japan) and the details of the detection principle as
shown in Fig. 4.3. To prepare a spiked blood sample, I obtained a 10 mM lithium ion standard solution from
NIPRO Co., Inc. (Osaka, Japan). Spiked blood samples ([Li*] = 0-2 mM) were prepared using human whole
blood with added sodium citrate (Tennessee Blood Services Co., Ltd., Memphis, TN, USA). All the samples

were prepared using a phosphate buffered saline (PBS, pH 7.5, Thermo Fisher Scientific Inc., Tokyo, Japan).

(@)

SEI  10kV WD21mm S840

Figure 4.2 The surface of a raw substrate for a paper-based device, observed using a benchtop SEM. (a)
SEM image of chromatography blotting paper used as a detection unit for lithium ions. (b) SEM image of a

blood cell separator used as a separation unit for blood cells.
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Li* solution ~ F28 Tetraphenylporphyrin Li* - F28TPP complex

(Plasma) (F28TPP, Detection reagent)

Figure 4.3  Principle of lithium ion detection using a commercial colorimetric assay kit.  F28
tetraphenylporphyrin (F28TPP), a detection reagent, selectively reacts with Li* to produce a red Li*-F28TPP

complex (1 =546 nm).

422 Device fabrication

| used a paper-based device design as shown in Fig. 4.1 to prevent non-uniform coloring and sample
leakage. The device is composed of the lithium ion detection unit, four BC separation units, and the PDMS
substrate. A hole in the PDMS substrate allows the smooth wicking of blood to the separation unit. Without
this substrate, some of the blood would flow on the surface of the separation unit without penetrating it.
Additionally, the device designed that can detect four analytes by combining with my evaluated image analysis
method in the future. However, this thesis demonstrated that the determination of single target analyte (Li*)
on the device. Crucially, using this setup, the device allows the immediate determination of the lithium ion

concentration on sample injection.

The lithium-ion detection unit was designed using Inkscape (v. 0.92.1) and had four detection windows
(¢=3,4,5,and 6 mm) as shown in Fig. 4.4a. A patterned screen stencil (T 200 nylon mesh on an aluminum
frame) fabricated by photolithography and a squeegee were purchased from Unno Giken Co., Ltd. (Tokyo,

Japan). For the patterning, | used a desktop hand screen-printing table (WHT No. 3 equipped with a vacuum
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pump) that was purchased from Mino Group Co., Ltd. (Tokyo, Japan). To fabricate the lithium ion detection
unit the patterning on a paper substrate was carried out by rubbing PDMS on the screen mesh with a squeegee

(Figure 4.4b). The detailed screen-printing fabrication procedures have been described in my previous papers

[39-41].
) 30 mm .
(a) e Size of detection windows
(XXX }e-om
=
(b) & & 8 & Y-
" | «— ®=4 mm

.’_. ;f—CD:Smm

B — @ =2 mm

'
-

Figure 4.4 (a) Design of a detection unit for lithium ion with different windows of diameters 3, 4, 5, and 6
mm. (b) Photographs of the detection units fabricated by screen-printing.  After fabrication, the window size

was ~1 mm smaller than that of a screen stencil.

4.2.3 Device operation and measurement

The working principle and the experimental process using the device and micropipette are shown in
Figures 4.5 (a) and (b). Aliquots (20 pL) of the detection reagent were loaded onto the respective detection
windows and dried in the dark at room temperature for one day. The BC separation unit was cut to a

predetermined size with scissors and placed on the PDMS substrate. After component positioning, four 20-pL

82



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]. | have used the maximum value obtained by image

analyses of all the samples.

(@) (b) Cross section view of our device

%, Injection of the @  Blood cell separation unit Lithium-ion detection unit

detection reagent (20 pL) 1
Y
» . xxm
m Contact with paper ‘

Polymer substrate I . .
Injection of the detection reagent into
Place of the separation unit on detection windows (20 pL)

Injection of the =, Touch to
sample (20 L) '\ the polymer substrate

%\ Injection of the ‘ the tip "y
\\,v sample (2 pL)y u:,\ 3}
AN Injection of whole blood (20 pL)

O 00 Y ——
— — Blood cells are captured
Only migration of plasma
3 Detection unit of . )

Micropipette

lithium ion g Touch the detection unit at the tip of

the separation unit
_4 — Li* cations and detection reagent react
Migration into fhe yielding magenta color

detection window
Ameasurement of a color intensity after

take a picture with digital camera

Magenta intensity = (1-G'-K) / (1-K)
G Green intensity / 255
=1 - (Maximum value of Red or Green or Blue / 255)

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.
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4.3 Results and discussion

4.3.1 Optimization of device parameters

I fabricated lithium ion detection units using a stencil (detection window diameters of 3, 4, 5, and 6
mm) by screen printing (Figure 4.4a). The fabricated detection window was approximately 1 mm smaller than
the screen stencil design because of the non-uniform penetration of uncured PDMS in the cellulose fibers
(Figure 4.4b). The detection windows having diameters of 2 and 3 mm did not clearly form a circular shape
because of the high viscosity of PDMS and the thick paper substrate provided by fine fibers. Therefore, the 2
mm detection window was not used in this study. For further study, I used detection windows with diameters

of 3, 4, and 5 mm.

First, | optimized the strip size of the separation unit, that is, the width and length, using the separation
membrane for red blood cells (RBCs). In these tests, | used 20-uL blood samples based on the typical volume
used in existing commercial techniques. The width of the blood separation membrane was 4 mm in accordance
with the diameter of the detection window. Different lengths of blood separation membrane were tested, from
1to3cm. At2cmor less, a narrow region of plasma that was close to the non-separated region was formed.
In contrast, the plasma did not reach the end of the separation membrane at 2.5 cm or greater.  Figure 4.6 (left)
shows the separation units (length: 2.2 cm and width: ca. 4 mm) wicking blood samples (20 puL). The
separation of BCs was accomplished within a length of approximately 1 cm, and a plasma region sufficient for
contact with the detection unit was obtained. Details of the optimization with a low volume of whole blood
(10 and 15 pL) is shown in Fig. 4.6 (middle and right). The optimized size of each sample volume was used

in all experiments.
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Contact area

Length : 2.2 cm, Width : ca. 4 mm  Length : 2.2 cm, Width: ~3 mm  Length : 2.0 cm, Width : ~2 mm

Figure 4.6 Optimization of the separation unit size with different loading volume of human whole blood.
Separation ability of the RBC separation units. Photographs of separation units after an injection of spiked
blood samples of volume 20 pL (left), 15 uL (middle) and 10 pL (right), respectively. The right-hand-side
photograph shows little hemolysis of blood. The separation units were completely separated at a distance of

~1 cm, and there is a large plasma region.

To obtain sufficient sensitivity for clinical applications, | optimized the loading volume of the
detection reagent (0.168 mg/mL) in the detection window with a diameter of 4 mm. Various loading volumes
of the detection reagent from 5 to 30 uL were loaded in the 4-mm diameter detection window by pipetting and
dried in the dark at room temperature. A 2-mM Li* solution of 2-uL volume was added to the detection unit
and dried with different volumes of the detection reagent. As shown in Fig. 4.7, the magenta intensity was
linear up to 20 pL, and the slope became gentler when the volume exceeded 20 pL. Thus, the excess load of
the detection reagent caused a signal increase in the blank sample. Therefore, a loading volume of 20 pL of

detection reagent was chosen.
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Figure 4.7 Optimization of the injection volume of the detection reagent in the detection window. The plots
showed the relationship between the magenta intensity and the volume of the injected detection reagent. The
magenta intensity was almost same for injection volumes of 20 pL or more. Moreover, use of a large amount

of detection reagent induced increase in background signal.

Subsequently, | optimized the detection window size using the optimized loading volume of detection reagent.
I expect that the use of different volumes influences the magenta intensity because of the difference in the
amount of detection reagent per unit volume. Figure 4.8a shows the calibration plots obtained with different
window sizes. As expected, the calibration plot with a 3 mm detection window was higher than the others,
especially in the high concentration range. However, large error bars were obtained for two reasons: the 3 mm
detection window was difficult to fabricate in the correct size and with a clear shape, and different drying
conditions occurred because of the non-uniform window size. In the case of 4 and 5 mm detection windows,
no significant differences in the color intensity were obtained. Thus, | chose the 4 mm detection window for
further experiments. Finally, for a proof of concept demonstration, | compared the color uniformity obtained

after device and pipette operation. Two microliters of a 2 mM Li* solution was loaded on each detection
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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.

a 0.45 b 0.45
( ) n=3 ( ) n=3
s } 3 £ s
% 4 %
)
£ 030 r $ ? 0.30 q] $
= c
2 $ g m
£ % c l{} i +
8 ©
5 5 ¢
g 015 | é éa 015 | ‘
A @=3mm Aor@=3mm
[:¢=4mm O :@=4mm
O:®=5mm O : @=5mm
OOO 1 1 1 1 1 1 OOO 1 1 1 1 1 1
00 04 08 12 16 20 24 00 04 08 12 16 20 24
[Lithium ion], mM [Lithium ion], mM

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, | compared the magenta intensity

obtained using a 2 mM Li* solution loaded by contact to that loaded with a pipette. The magenta intensity
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obtained by contact loading was similar to that obtained by loading with 1.5 pL via pipette, as shown in Fig.

4.9.

0.3

Magenta intensity with
contact operation (n = 16)

L=

01 r

Magenta intensity / a. u.
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0.0 0.5 1.0 15 20 25

Loading volume of the standard sample / L

Figure 4.9 Effect of sample volume directly put on the detection unit with a pipette on color intensity. The
red line indicates the magenta intensity obtained when the sample solution was introduced from the separation
unit to the detection unit in the device studied herein.  This indicates that the introduced volume is estimated

tobe 1.5 uL

Subsequently, | investigated the effects of the contact pressure and time because these should influence
the sample penetration volume and the color intensity. To determine the contact pressure, | measured the
weight required to completely fill the detection zone with plasma by pressing with a finger. The contact
pressure calculated as P = ((W) x g)/A, where P is the applied pressure, W is the measured weight, g is the

acceleration by gravity (9.80665 m/s?), and A is the area of the detection window (4x x 10 m?).

The contact time required to completely fill the detection window with the sample was measured.
The sample solution completely filled the whole detection window immediately (see Figure 4.10a) when the
applied pressure was approximately 46.8 kPa. Next, | investigated the effect of the time that the separation

and detection units were in contact with at 0.5, 1.0, and 2 mM Li* in spiked blood samples. Contact times
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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.
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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.
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4.3.3  Comparison of the measurement performance with conventional methods

Under the optimized conditions, | 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 R =0.991. The limits of detection (LOD, blank +
3SDgiank) 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, | achieved a low LOD (0.054 mM) and high accuracy and reproducibility

values, comparable to those of conventional methods.
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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.
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Table 4.1. Comparison of measurement ability between my device and conventional methods

Measurement method

Image analysis Spectrophotometer Microplate reader
LOD (mM) 0.054 0.021 0.123
CV (%) 6.05 0.44 3.46

4.3.4 Demonstration of the measurement of the Li* concentration using spiked blood samples

To evaluate the measurement performance, | determined the lithium ion concentration in Li* spiked
whole blood samples; each sample concentration was prepared in the same volume ratio of 4 mL whole blood
to 1 mL Li* solution. Figure 4.12a shows a photograph of the detection units after the development of color
caused by the presence of Li* in the spiked samples. The magenta intensity increased with increase in the
lithium ion concentration in the spiked blood samples. ~ After the image analysis of the photograph, the magenta
intensity was plotted against the lithium ion concentration in the blood as shown in Figure 4.12b. The data
show good linearity and correlation in the measured range, comparable to that of the standard samples. The
LOD and the maximum value of CV in the measured range were 0.281 mM and 12.4%, respectively. This
result indicates that my device is able to determine the lithium ion concentration in blood. ~ Although the LOD
of my device (0.281 mM) was similar or inferior to previously reported values [23, 27-30], it was still sufficient
to meet the requirements of clinical testing. However, the magenta intensity and the measurement sensitivity
with the spiked blood samples were lower than those of the standard samples.  This difference is possibly due
to the poor lithium ion migration because of the high viscosity of the blood. Table 4.2 shows the recovery
rates obtained by comparing the color intensity of the standard sample with the results of conventional methods.
The present device provided high recovery of 90.0 £ 4.5% to 97.6 + 3.4% with good CV of 3.4% to 9.8%.
Subsequently, | measured the magenta intensity of 1-mM Li* whole blood samples with high concentrations of

Na* and/or K* (>200 mM and >4 mM, respectively) to evaluate the influence of other metal ions on lithium
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guantitation.  Additionally, whole blood samples that comprise no Li* were observed to constitute high
concentrations of Na*, K*, and/or Mg?* (>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 Mg?*. 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, | 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. | 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. | 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 Mg?*. 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
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Table 4.2 Measurement of lithium ion concentration in spiked blood samples using my device (n = 16)

Spiked Li* ion concentration Found concentration Recovery RSD
(mM) (mM) (%) (%)
0 -0.07 £ 0.07 948+54 5.7
0.2 0.22 £ 0.06 92.8+3.7 4.0
0.4 0.43+£0.15 91.6+9.0 9.8
0.8 0.79+0.13 94.6+4.9 5.2
1.2 1.21+0.17 97.6+34 3.4
1.6 1.43+£0.09 95.2+3.6 3.8
2.0 1.67 £0.15 90.0+45 5.0

Subsequently, | tested the measurement of the lithium ion concentration in small volumes of spiked
blood. The injection volumes of the spiked samples were 10, 15, and 20 uL.. The experimental procedure was
identical to that described previously. Figure 4.13a show photographs after RBC separation and lithium ion
detection using different injection volumes of spiked blood samples, respectively. An increasingly magenta
color with increasing lithium ion concentration is visible in the detection window by the naked eye. The plots
of the magenta intensities obtained with different injection volumes of spiked samples are shown in Fig. 4.13c.
The magenta intensities were higher than those previously obtained in this study (Figure 4.12b) because of the
slight hemolysis of the blood. However, as shown in Figure 4.13b, the plots have almost the same slope and
small error bars (11.2%, 10.2%, and 12.4%,) for injection volumes of 10, 15, and 20 pL, respectively, and good
coefficients of determination (R?> 0.982). Furthermore, the LODs were 0.357, 0.350, and 0.391 mM for the

injection volumes of 10, 15, and 20 pL, respectively. These results indicate that the sensitivity and the
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reproducibility of lithium ion measurement using my device was independent of the injection volume of the
spiked blood samples. This study confirms that the proposed device is suitable for the POCT of lithium ion

concentration in small volume whole blood samples.
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Fig. 4.13 Demonstration of the measurement of lithium ion concentration in spiked blood samples using my
device. (a) Demonstration of the detection of lithium ion with spiked blood samples. Photographs of
detection units after detection of lithium ion in spiked blood samples with different injection volumes of 15 puL.
(left) and 10 pL (right). (b) Lithium ion concentration in small-volume, spiked blood samples. Under all
conditions, the same slope was obtained with a good coefficient of determination and small error bars. The

plots for injection volumes of 20 pL are higher than that shown in Figure 4.12b because of hemolysis.

4.4 Conclusions

I succeeded in the development of the paper-based device (PAD) for determination of Li*
concentration in human whole blood. My developed PAD overcomes the drawbacks of PAD towards blood
tests, and realized a facile, user friendly, and quantitative colorimetric method. In this study, | used a digital
camera to obtain the image for image analysis without any fixed light condition. My method has good

compatibility with smartphone-based analysis because the detection is based on colorimetry. However,
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smartphone cameras have lower resolution than a digital camera. In future, | want to adapt my method for
smartphone-based analysis by developing a portable shooting box for acquiring images under fixed shooting
conditions or by using machine-leaning image analysis. In previous reports, the determination of the
lithium ion concentration in blood has used electrochemical approaches using a glass substrate to achieve high
sensitivity and blood cell separation or direct measurement.  Although an increased coefficient of variation is
required for use in POCT, my developed paper-based device has a comparable measurement ability to those of
conventional methods. Thus, this device provides an alternative method for the determination of the
lithium ion concentration in human blood in the treatment of bipolar disorder. Finally, | expect my PAD has
overcame the problems of PADs toward blood tests and will be able to apply various blood tests for detecting a

single analyte or multi-analytes to achieve on-site analysis with PADs.
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51 Introduction

Most blood tests require the separation of plasma to achieve precise results as blood cells affect the
test result.[1, 2] Plasma separation involves the elimination of blood cells from whole blood and the
segregation of the plasma into a fixed volume.[3] Blood tests are regulated based on the amount of substance
per unit volume of the serum or plasma.  Thus, controlling the volume of the serum or the plasma is an essential
manipulation for determining the target concentration using blood tests.  Further, the blood samples only have
a tiny volume so that diagnoses can be minimally invasive. These points are the problem to be solved for
developing paper-based device towards blood test as described in General Introduction. Many microfluidic
techniques and lab-on-a-chip devices for blood separation have been developed because of the growing global
demand for point-of-care testing.[4, 5] These techniques typically employ the centrifugal force [1, 6-8],
filtration [8-10], capillary force [11-16], and dielectrophoresis (DEP) [16—20]. Centrifugal force generated by
using a rotation disk or a stacking spiral microchannel can help separate plasma generated by a centrifugal field
owing to the difference in the mass density of blood cells and plasma.  Filtration provides plasma by capturing
blood cells using microsized pores. Capillary force involves the use of combined additional force
(modification of channel, special channel designs, dielectrophoresis) for attracting blood cells; however, paper-
materials can separate the plasma using only capillary force when capturing blood cells via microsized pores.
The negative DEP force, which is an electrokinetic force, repels blood cells on the voltage-applied electrode
generated electric fields for separating the plasma. However, they usually require large-volume samples that
need to be pre-diluted offline; they also suffer from unfavorable hemolysis and clogging along the channels and
microstructures in the devices. Furthermore, the most significant challenge lies in obtaining plasma with a
precisely controlled volume after separating the blood cells.  Although there are several droplet-based
microfluidic devices [21, 22] that can overcome these disadvantages, they only manipulate the blood by

controlling the fluid with a complicated channel design at precise flow rates.

In contrast, digital microfluidics (DMF) is a droplet-based microfluidic technique that enables the
simple manipulation of plasma droplets with a controlled volume via electrowetting on a dielectric
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(EWOD).[23-28] The droplet manipulation is performed between two parallel plates that have thin-film
electrodes. The electrode size and the distance between the two plates can determine the droplet volume.
Furthermore, DEP and electrophoresis are potential separation techniques that can be executed on an integrated
DMF platform.[29-34] Red blood cells are driven with a negative DEP force such that they can be separated
from the blood.[18, 19] Traveling wave DEP has been used to separate red blood cells; it provides a large
droplet without red blood cells that forms via a continuous flow.[18] Liao et al. performed [19] on-chip
capillary electrophoresis to separate red blood cells. These studies only focused on separating red blood cells;
thus, the resultant blood may contain other blood cells, such as leukocytes and platelets. Recently, Dixon et
al. reported [3] a plasma separation system for blood tests; this system was based on a DMF device that was
integrated with a blood cell separation filter. This passive approach requires a larger amount of whole blood
(50 puL) and diluted plasma in the extraction procedure; further, it entails evaporation of liquids including blood,
extracted plasma, and detection reagents in ambient air.  Presently, separating and metering plasma droplets

with a controlled volume directly from whole blood has not been achieved with DMF devices.

In the case of DMF platforms, the amount of analyzed sample is limited to small volumes of the order
of nanoliters to microliters. Thus, they are compatible with fluorometric or chemiluminescence detection,
which can achieve in-situ highly sensitive detection of the droplets.[35-39] However, this detection technique
is not ideal for point-of-care testing since optical systems typically require bulky equipment. This includes
controllers, light sources, and a variety of optical parts such as lenses, filters, mirrors, and a photosensor. In
this regard, electrochemical detection can be an alternative technique for droplet detection using proper sensing
electrodes on DMF devices. This technique has a higher sensitivity than fluorometric detection.[40-42] To
extend the droplet manipulation advantages of DMF, a DMF platform with a replaceable cartridge for
electrochemical detection was reported.[42] This allowed several types of sensors to be attached to the
cartridge instead of permanent integration.[42] In addition, Ng et al. reported [43] the remote setting of the
DMF system for POC serological immunoassay in a refugee camp in Kenya; however, too they required plasma

separation using a centrifuge.
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Recently, paper-based analytical devices (WPADs) have been developed for the point-of-care diagnosis
of blood and urine, as well as for food/environmental safety tests. This is because paper materials have a low
expense and high portability.[44-47] In particular, the development of uPADs for blood tests can reduce the
required blood/reagent volume and integrate the analytical procedures. These reports achieved the rapid
detection of target molecules in whole blood by introducing an accurate volume of blood sample into the uPAD
with a micropipette. Therefore, the reported uPADs are not fully automated: micropipetting is essential for
sample dispensing, and the precise volume of micropipette-transported plasma should be known for reliable

diagnostic results.

In this study, | selected the lithium ion (Li*) as a model target for the blood test.  Li* has a therapeutic
effect on bipolar disorder [48], which is a mood disorder, and its concentration in whole blood has to be regularly
inspected for adequate treatments.[49] The therapeutic concentration range of Li* is 0.4 to 1.2 mM, and the
toxic concentration is 1.5 mM or more.[50-54] To date, electrochemical methods/electrophoresis and
colorimetry have been employed for the point-of-care testing of Li* concentration in whole blood; however, the
reported methods have some limitations. These include the use of micropipettes, the requirement of a large
amount of blood, the off-chip dilution of blood, and the necessity of a high temperature during the operation
(70 °C).[55-59] To overcome these shortcomings, | previously reported a facile colorimetric method for
determining the Li* concentration in whole blood with PAD.[60] However, my prior method still requires a

large amount of blood (20 pL) that can be dispensed using a micropipette.

In this study, | developed a fusion device that integrates analytical manipulation based on plasma
separation to detect the Li* concentration in whole blood. The developed PAD in Chapter 4 still requires the
improvements: (i) more reduction of required blood volume and (ii) non-requirement of the blood introduction
of certain volume. To achieve (i) and (ii), | invented the fusion device that is consisted of DMF unit and five
circle paper sensors (PAD unit). For plasma separation with DMF unit, EWOD and DEP are simultaneously
performed on the DMF platform. This has been demonstrated in my previous studies [29-34], in which the
device manipulates the liquid samples and particles/cells via frequency modulation using a single DMF chip.
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For Li* detection, paper sensors were fabricated by drying and concentrating the detection reagent (F28
tetraphenylporphyrin) on a filter paper, based on my previous study.[60] | achieved plasma separation with
adjustable droplet volumes by using particle/liquid DEP and EWOD on a single DMF platform to separate a
small amount of whole blood samples (a few microliters) with a separation efficiency greater than 90%. Ina
proof-of-concept study, as expected, the DMF—paper fusion device achieved the required measurement
performance for the Li* test in ambient silicone oil. The limit of detection (LOD) was 0.267 mM, and the
coefficients of variation (CVs) in the measuring range were less than 9.5%. In order to determine the Li*
concentration in whole blood, the developed fusion device completed five serial replications within 20 min.
The data plots obtained by my device are in good agreement with those obtained via a conventional method
when the corresponding kit protocol is used. This indicates that the developed fusion device can be a potent

therapeutic tool for the rapid detection of Li* in whole blood.

5.2 Experimental

521 Reagents and chemicals

Indium tin oxide (ITO)-coated glass plates (Ruilong, Taiwan) with square-surface resistivities of 7
and 450 Q/sq were used respectively to fabricate the bottom and top plates with patterned electrodes. Acetone
and isopropanol (E-Shine Advanced Chemical, Taiwan) were used for washing the glass substrates. A positive
photoresist FH-6400L, a photoresist developer FHD-5, and a photoresist stripping solution MS-2001 (Fuji film
Electric Materials, Japan) were used for the photolithography process. Parylene-C (Suzhou Parylene Materials,
China) was coated with chemical vapor deposition equipment (Deree Technologies, Taiwan), which was the
first dielectric layer. An SU-8 2002 photoresist (Microchem, USA) was employed as the second dielectric
layer on the bottom plate. A Teflon 0.5% (wi/v) solution was prepared with Teflon® AF1600 (Chemours,
USA) and FC-770 (3M, USA) for the hydrophobic coatings. F28 tetraphenylporphyrin (0.168 mg/mL), which

was included in a colorimetric assay kit (ESPA Li Il, NIPRO, Japan), was used as a Li* detection reagent (see
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Fig. 5.1). Quantitative filter paper #1 (21 cm % 29.7 cm, thickness 200 um, Advantech MFS, USA) was used
to prepare the paper sensors. Pluronic® F-127 (Sigma-Aldrich, USA) was added in the liquids to adjust the
surface tension to achieve efficient DMF actuations.  All of the spiked blood samples (0-2 mM) with 0.5% F-
127 were prepared by mixing a Li* standard solution/1% HNOj3 (approximately 1436 mM, National Institute of
Standards and Technology, USA) and human whole blood in ethylenediaminetetraacetic acid (EDTA) with a
volume ratio of 1:18.  For the preparation of the blood samples, | used 1 x phosphate buffered saline (PBS) by

mixing 10 x PBS buffer (pH 7.4) and ultrapure water (18 MQ-cm).

(Li*
Lithium ion F28 Tetraphenylporphyrin Li* complex
(Sample) (Detection reagent)

Figure 5.1 Scheme for the reaction of lithium-ion (Li*) with F28 tetraphenylporphyrin included in a
commercially available colorimetric assay kit. Li* in a sample reacted with the detection reagent to provide

the color change from yellow to red (A = 546 nm).

522 Principle of manipulation of liquid and particle with digital microfluidics

5.2.2.1 Electrowetting-on-dielectric

Electrowetting-on-dielectric (EWOD) is well-known as an actuation mechanism for a small droplet
of liquids.[23] EWOD changes the apparent contact angle of a conductive liquid droplet on a solid electrode
coated with dielectric and hydrophobic layers and applied with a voltage. ~According to the Lippmann—Young

equation, the contact angle varies from 6 to 6 (V) on an applied voltage Vir across a dielectric layer as follows:
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cosO(V) = cos b, + Zj/OLEGD-t Ve, (1)

where & denotes the permittivity of vacuum (8.85 x 102 F/m), p denotes the relative permittivity of the
dielectric layer of thickness t, y.c represents the liquid—gas interfacial tension, and V.r denotes the voltage
drop across the dielectric layer (Fig. 5.2, left).

A pumping force Fewop Of the droplet (Fig. 5.2, left) can be derived from the Laplace—Young equation based

on the pressure difference between the two ends of the droplet (width W) as

w
Frwop = 50?; VLFZ- (2

For the manipulation of all samples including whole blood with 0.1% F-127, a Li* standard solution with
0.5% F-127, Li* spiked plasma sample with 0.5% F-127, and Li* spiked blood sample with 0.5% F-127, |
measured the contact angle variation of 1.5 puL droplets on the unpatterned ITO glass plates covered with
dielectric and hydrophaobic layers by applying 1-kHz square-wave AC signals at 0—100 Vms (Table 5.1)

between ITO and a tungsten wire (diameter 70 um) inserted in to the droplets.

5.2.2.2 Dielectrophoresis on particles (PDEP)

The dielectrophoretic (DEP) force exerting on a spherical particle of radius r, Fppep, is described as

Fppep = 27TT3€LR3(%)VE2, 3)

where E denotes electric field, and ep* and e * denote the complex permittivities of the manipulated particles

and of the suspension liquid, respectively, which depend on frequency. This is expressed as
epL” = €oépL —j%: 4

where gp represents the relative permittivity and op,. denotes the conductivity of the particle or the
suspension liquid; and f denotes the frequency of the electric field. From a previous report [18], blood cells
were repelled from the regions of large field strength by negative DEP, as shown in Fig. 5.2 center, PDEP.
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5.2.2.3 Dielectrophoresis on liquids (LDEP)

Further, DEP supplies surface forces to draw bulk liquids including dielectric liquids of greater
relative permittivity into a region of a strong electric field of a smaller relative permittivity.[34] For example,
I drove plasma in a silicone oil environment in this study. As shown in Fig. 5.2 right, LDEP, on applying
voltage Ve between parallel electrodes (spacing d) and neglecting the voltage in the dielectric layer, the

plasma is attracted toward the region of strong electric field with a dielectrophoretic force Fipep

F _ So(splasma_soil)WV 2
LDEP = > HF

where epiasma @Nd &oit are the relative permittivities of plasma and oil, respectively.

EWOD PDEP _ LDEP

—

* - FLDEP

& (V)

Figure 5.2 The manipulations of the whole blood on the DMF device. The illustration of the cross section

of the DMF device showing the principle of EWOD, PDEP, and LDEP.

Table 5.1 Measurement of the contact angle on representative samples in my study (mean £ s.e.m., n = 3)

Contact angle (deg)

Initial (0 Vrms) 100 Vrms
2 mM Li* spiked blood sample 87.5+£2.0 45.1+2.5
2 mM Li* spiked plasma sample 93.4£1.0 48.3£1.9
2 mM Li* standard sample 83.1+0.1 53.6x1.1
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5.2.2 Fabrication of the fusion device

The fusion device consisted of a DMF unit and PAD unit which has five preloaded paper sensors, as
shown in Fig. 5.3. | embedded five paper sensors in DMF unit for detecting Li* in single whole blood sample
at 5 times on the fusion device. Thus, my fusion device has a potential for determining multi-components in
whole blood by embedding several paper sensors which are retained different detection reagents.  Furthermore,
my electrode design of DMF device can be easily parallelized and resized for achieving a high-throughput. By
combining my image analysis method described in Chapter 3, | will be provided the automatic analytical system
for determining multi-components in whole blood in the future. In this thesis, | could not demonstrate the

detection of multi-analytes in whole blood.

Paper sensors (PAD unit)

Reservoir Detection
w - |

Whole blood

- — Reaction
e Plasma separation,
Transportation

(0.2 L)

Microelectrode

Bottom plate (patterned ITO glass)

Fig. 5.3 Illustration of the fusion device to detect Li* in whole blood. The separated plasma droplets with
DMF unit were transported to the paper sensors of PAD unit through the electrode array; the color of the paper

sensors was changed to red due to the production of the Li*-F28 tetraphenylporphyrin complex.

To prepare the paper sensors, a filter paper was cut into 1 cm x 4 cm pieces considering ease of fabrication and
fabrication efficiency. In addition, a total of 350 pL (separately 70 pL for five times) of the detection reagent

was loaded onto each paper piece that was cut and it was dried in the dark at room temperature (300 K).
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Circular paper sensors (diameter 2 mm) were prepared by punching out the soaked and dried filter paper. As
demonstrated in Fig. 5.3, the DMF device consisted of two parallel plates. Each plate was cut into 4 cm x 5
cm (thickness ~1 mm). The top glass plate contained an unpatterned ITO layer, which served as a transparent
electrode. A hydrophobic layer (thickness 55 nm) was spin-coated with a 0.5% Teflon solution to facilitate
the droplet movements. The bottom plate was fabricated by standard photolithography processes. The
electrode design is shown in Fig. 5.4a. First, an ITO glass substrate was cleaned with acetone, isopropanol,
and deionized water in an ultrasonic bath for 5 min each. These cleaning steps are important to wash away
impurities on the surface of the glass substrate and to construct a precise electrode design. The positive
photoresist was spin-coated on the bottom plate at 3000 rpm for 30 s (thickness 1.4 um). After soft baking at
95 °C for 5 min, the bottom plate was aligned with the photomask and it was exposed to UV radiation with a
mask aligner (USHIO, Japan) for 3.5s. The UV exposed bottom plate was developed in FHD-5 for around 20
s and it was immersed in deionized water for 5 min. The bottom ITO plate was then etched in an aqua regia
solution (HNO3:HCI:H20 = 1:3:6) at 49 °C for 200 s. After removing the photoresist with MS-2001, the
bottom plate was washed with deionized water and dried on a hot plate at 150 °C. Subsequently, a parylene-
C layer (thickness, 2 um) and a SU-8 layer (thickness, 1.7 um) were deposited. Finally, a Teflon layer

(thickness, 55 nm) was spin-coated on the SU-8 coated substrate to obtain a hydrophobic surface.

To set the fusion device, five paper sensors were placed at the bottom plate and they were overlapped with the
electrodes to transport the droplets. Before usage, five pieces of paper sensors were wetted with 0.2 pL
detection reagent each to reduce the silicone oil absorption and to enhance their stiction on the bottom plate
during the device preparation and assembly (see Figs. 5.4 b,c). Before placing the top plate, a sample solution
(5 uL) was dispensed on the reservoir region of the bottom plate with preloaded paper sensors and spacers

(thickness of 200 um). The assembled top and bottom plates were fixed with binder clips.
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Figure 5.4 (@) Design of the electrode design for the fusion device. (b) Preparation of the fusion device: (1)
deploying paper sensors on the bottom plate, and (2) loading detection reagent of 0.2 puL on all paper sensors to

improve interface adherence. (c) Photograph of the complete fusion device before loading 2cSt silicone oil.

523 Manipulation of plasma separation with DMF

The instrumental setup of DMF is illustrated in Fig. 5.5a. The non-patterned electrode on the top
plate was connected to the electric ground potential. To switch the electric potential of the electrodes, the
contact pads of the individual electrodes on the bottom plate were connected to the common terminal of the
single pole double throw (SPDT) relays (LU-5, Rayex Electronics, Taiwan). The AC electric potentials were
generated from two function generators (33210A, Agilent Technologies, USA) and they were amplified with

two amplifiers (A-303 and A-304, A.A. Lab Systems, Israel). The relays were switched with the digital output
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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, | 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 (Vi) for EWOD was continuously supplied to the left larger reservoir electrode. By
sequentially and selectively applying the high-frequency voltage (Vue) 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
x 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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Figure 5.5 (a) Schematic of the setup of plasma separation on the DMF device with signals amplified for DEP
(x20) and EWOD (x40) actuations. (b) Principle of plasma separation by EWOD/DEP. When the low-
frequency EWOD voltage (Vie) was applied to the reservoir electrode to hold the whole blood, the high-
frequency DEP voltage (Vur) was applied to several (three or four) driving electrodes to mainly drive the plasma
and to retain the blood cells. After the separation, the DEP voltage was switched off of the connecting
electrodes in order to split the droplet. (c) Photographs of the separation process with the DMF device (51.2
Vrms at 1.5 MHz). The gap height was 200 um. The color squares showed the switch manipulation for the
plasma separation, which is linked with the photographs. Most of the blood cells were maintained on the
reservoir electrodes by the non-uniform electric field that was applied on the driving electrode to generate a

plasma droplet.
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5.2.4  Measuring the concentration of the blood cells

To investigate the separation ability, | measured the concentration of the blood cells, which includes
red blood cells (RBCs), white blood cells (WBCs), and platelets in the original whole blood and the separated
plasma droplet. The concentration of the blood cells was measured with three methods: a hematology analyzer
(Sysmex XN-10 Hematology Analyzers, Sysmex, Japan), a hemocytometer (Counting chamber, Paul

Marienfeld, Germany), and image analysis.

The hematology analyzer was mainly used to measure the original blood cell concentration of whole
blood without dilution. It was also adopted to measure the concentration of the separated plasma. For the
plasma measurements, | separated 10 plasma droplets (each volume was 0.2 pL) on a single DMF device (200
um gap, 1.5 MHz, 51.2 Vrms) to obtain a total of 2 pL of plasma. The plasma was then diluted 100 times to
200 pL with PBS to meet the requirements of the hematology analyzer. The minimum sample volume required
for measurement with the hematology analyzer is 200 uL.. The hemocytometer was mainly used to measure
the cell concentration of the plasma. The plasma droplet (each volume was 0.2 pL) that was separated with
the DMF device (200 um gap, 1.5 MHz, 51.2 Vrms) was diluted 100 times to 20 pL as the measured sample.
The diluted plasma (20 pL) was loaded on the hemocytometer and the blood cells were counted with a

microscope.

For the hematology analyzer, the concentration of the WBCs and RBCs in the diluted plasma was
below the detection limit. | could only obtain the platelet concentration of the diluted plasma. For the
hemocytometer and the image analysis, the platelets were too small for the microscope images. Assuming that
my separation method has a low selectivity among the blood cell types and that it is based on the original
concentrations of the RBCs (a few x10° cells/mL)[61] and WBCs (a few x10° cells/mL)[62] for the hundreds
to thousands of blood cells that were analyzed, most cells that were observed with the hemocytometer and the

image analysis were RBCs.
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For the image analysis of the plasma, | used ImageJ software ver. 1.48 for cell counting and the
procedures is as follows: After the generation of the plasma droplet, | captured the image of the plasma droplet
at 6 parts with a 20-objective lens of a microscope (Olympus IX73 and DP71) as shown in Fig. 5.6. Next, |
changed to the 8-bit version and treated the noise with “Despeckle.” Then, the blood cells in the image were

stained using “Threshold,” and the image was processed to recognize all blood cells as independent cells.

Finally, I counted the cell number with “Analyze Particles”. In this study, | conducted the cell count six times

for one plasma droplet using six-part images and the average cell concentration (Cpiasma) Was calculated to decide
the separation efficiency. For the calculation, | either used the measured or literature value (5 x 10°
cells/mL)[61] of the blood cell concentration in whole blood (Cuicod). The separation efficiency # was
calculated with the equation 7 = (1 — Cpiasma/Chiooa) X 100% . With the microscope resolution and

concentration ratio between RBCs and WBCs, the measured cells were RBCs.

@ Shooting of plasma droplet at 6 parts (20xobjective lens)
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Illustration of the cell counting procedure of blood cells using image analysis.
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5.24 Image analysis for the PAD unit

First, the photograph of the paper sensors was taken with a digital camera (EOS Kiss X9, Canon,
Japan; ISO, 1600, shutter speed, 1/100; aperture value, 5.6). The magenta intensity in each paper sensor (ROI,
17692 pixels) was obtained with ImagelJ software after converting “RGB” to “CMYK” (see Fig. 5.7). The
procedure was based on my previous study to maximize the measured color intensity from the image analyses

of all of the samples.[60]

Ex. 2 mM Li* standard sample
Original image Magenta scale

SRR Color convert

Fig. 5.7 Demonstration of image analysis with color conversion from RGB to CMYK.

RGB to CMYK

5.25 Cell count and calculation of separation efficiency on serial separating plasma droplet

| calculated the concentration of blood cells in the whole blood on the reservoir against the volume of
whole blood after the separation number of the plasma droplet. For example, the original concentration of
blood cells (C,.) in whole blood (5 pL) obtained by flow cytometry is used for the calculation of the separation
efficiency of the first separated plasma droplet (0.2 uL). Next, the concentration of blood cells in the remaining
whole blood (4.8 pL) on the reservoir (C,) was calculated using the concentration of blood cells in first separated

plasma droplet (C,) using the cell count and original concentration as

Cy =Coc — G4

After that, the concentration of blood cells in the remaining whole blood on the reservoir (C,) was used for
calculating the separation efficiency of the second separated plasma droplet. | repeated the above calculation

process five times for calculating the separation efficiencies against the separated five plasma droplets. | note
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that the concentrations of the blood cell in entire blood on the reservoir were calculated by the cell count was

used for calculating the separation efficiencies of the image analysis and cell count.

5.2.6 Clarification of the importance of the plasma separation for determining the lithium-ion

To clarify the importance of the plasma separation for Li* detection, the blood or plasma droplet was
divided with the DMF device (200-um gap) and transported to paper sensors. Then, the image was obtained

by the digital camera, and the magenta intensity was measured by image analysis.

5.3 Results and discussion

5.3.1 High-frequency voltage for blood cell separation

To examine the blood cell separation at high frequencies, | changed the frequency from 100 kHz to 2
MHz by referring to previous reports.[18, 19] Whole blood with 0.1% surfactant was loaded to one reservoir.
A high-frequency DEP voltage (70Vy,) was applied to two or three driving electrodes besides the reservoir
electrode to induce the driving of the plasma and to prevent the movement of the blood cells. Low-frequency
EWOD voltage (24-40V,,) was applied to the reservoir electrode simultaneously. 2 cSt silicone oil was used
as an ambient liquid to fill the gap between the top and bottom plates. In this study, the gap, which was
determined by spacers, was 200 um to better accommodate the paper sensors.  In the 100 to 900 kHz frequency
range, the particle DEP force was not large enough to prevent the motion of the blood cells onto the driving
electrodes. Instead, the liquid flow drove the blood cells toward the liquid boundaries and the corners of the
driving electrodes; the plasma was not efficiently separated from the whole blood in this frequency range. On
the contrary, most of the blood cells remained on the reservoir electrode when high-frequency voltages ranging
from 1 to 2 MHz were applied on the driving electrodes (see Fig. 5.5¢). However, some blood cells still
migrated along the liquid boundaries from the driving electrodes in the flowing direction of the plasma, which

decreased the separation efficiency. Owing to the force balance between the particle DEP force and Stokes’
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drag force, reducing the flow rate can improve the separation efficiency and yield pure plasma. The separation
efficiencies at 1.0, 1.5, and 2.0 MHz, calculated by image analysis, were 98.7 % with small standard deviations
(< 0.3%) and are presented in Table 5.2. This was obtained using the image analysis method and value (5 x
10° cells/mL)[61] of RBC concentration in the whole blood reported in the literature. The present separation

technique allows the separation of the pure plasma droplet from whole blood in less than 5 min.

Table 5.2 Separation efficiency for each frequency that was calculated by the image analysis (mean * s.e.m.,

n = 3). The separation time was within 5 min in all experiments.

Separation efficiency Ccv Applying voltage
(%) (%) (Vrms)

1.0 MHz 98.7x+0.2 0.2 53.3

1.5 MHz 98.7+0.3 0.3 51.2

2.0 MHz 98.7x+0.2 0.2 35.9

However, using high-frequency voltage is liable to triggering ruptures in the blood cells (hemolysis) due to the
high temperature.[19] | measured the temperature during the separation process at 1.0, 1.5, and 2 MHz with a
midwave infrared thermography camera (A6702sc, FLIR® Systems, USA). The measurement was repeatedly
carried out in triplicate without sample change. The separation time was approximately 100 s, and the
maximum temperature was less than 40 °C for all of the experiments with varied frequencies to obtain the
plasma droplets. Note that the temperature generated owing to voltage application depends on the separation
time. Therefore, choosing proper electric signals with a rapid separation procedure is beneficial to my
separation technique. The heat generated during the separation process entails no significant deterioration or
denaturing of the proteins in whole blood and plasma. From these results, | chose the frequency of 1.5 MHz

for the plasma separation in the following studies.

| tested the plasma separation with different gaps, between 20 pm and 400 um, at 1.5 MHz. The

voltage required to generate a plasma droplet for all of the gaps was measured with an oscilloscope, and the
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values were determined to be similar (Table 5.3). The time required for plasma separation decreased when the
gap was increased, as shown in Fig. 5.8a. For all of the gap heights that were examined, the separation
efficiency was greater than 90%, as demonstrated in Fig. 5.8b and Table 5.4. This was obtained by using the
image analysis method and the value (5 x 10° cells/mL)[61] of RBC concentration in whole blood reported in

the literature.

Table 5.3 Relationship between gap height and applied voltage (Vms) of high/low frequency, 1.5 MHz/1

kHz. The results are corresponding to Fig. 5.8.

Gap height (um)
20 30 40 50 70 100

EWOD (Vrms) 26.9-38.7 26.9-38.7 26.9-38.7 26.9-38.7 19.7-38.7 19.7-38.7
LDEP (Vrms) 51.2-704 51.2-704 51.2-704 51.2-704 51.2-704 512

Gap height (um)
200 250 300 350 400

EWOD (Vrms) 23.0-38.7 15.6-38.7 15.6-56.0 15.6-56.0 7.92-56.0
LDEP (Vrms) 51.2 51.2 70.4 70.4 70.4
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Fig. 5.8 Characteristics of the plasma separation with the 1.5 MHz DEP when using different gap heights that
ranged from 20 pm to 400 um. (&) The plots showed the fastest separation time with each gap height. In my
separation technique, the decreasing trend of the separation time was confirmed with the increasing gap height.
(b) The plots showed the separation efficiency with each gap height. A high separation efficiency (>90%) was

achieved for all of the gap heights. The applied voltage for each gap height is described in Table 5.3.

Table 5.4 Separation efficiency (») for each gap height in Fig. 5.8b that was calculated by the image analysis

(mean xs.e.m., n = 3).

Gap height (um)

20

30

40

50

70

100

150

200

250

300

350

400

n (%)

CV (%)

93.8+2.36

2.51

94.4+0.98

1.04

94.6+2.62

2.77

95.243.55

3.73

93.8+2.36

0.19

97.80.77

0.79

97.7+0.12

0.12

98.7+0.2

0.20

98.8+0.12

0.13

99.0+0.08

0.079

99.2+0.06

0.06

99.3+0.01

0.01

| further analyzed the separation efficiency with a gap of 200 pum for the fusion devices that contained
the paper sensors.  The separation efficiency was measured with a hematology analyzer, a hemocytometer, and
via an image analysis. The hematology analyzer was applied to measure the original cell concentration in the
whole blood and the platelet concentration in the diluted plasm droplets. Further, the hemocytometer and
image analysis were adopted to measure the cell concentration in the diluted plasma droplets with the procedure

described in the Methods section. In this experiment, the plasma was separated with a51.2 Vrms and 1.5 MHz

signal that was applied between the electrodes of the DMF device, which had a 200 um gap. Table 5.5 shows
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the summary of the cell concentrations obtained via the three methods. The hematology analyzer provided the
cell concentration of the original whole blood as a reference for the separation efficiency. It also measured the
plasma that was separated using the DMF device, but only the platelet concentrations (241 x 10° and 5 x 10°
cells/mL) were measured; the concentrations of the WBCs and RBCs were below the detection limit. The
hemocytometer and the image analysis provided blood cell concentrations of the plasma and the separation
efficiency. The differences in the results obtained using the hemocytometer and image analysis were attributed
to sampling and analyzing some of the blood cell aggregations in the plasma and the inability to obtain the
number of cells along the height direction owing to the 2D nature of the images. The platelet separation
efficiency determined from the hematology analyzer data was close to the image analysis results.  This finding
also shows that the separation was not specific to certain cell types. Note that the WBCs and platelets did not

influence the assay color (yellow to red) because of their colorless characteristics.

Table 5.5 Comparison of the blood cell concentration using image analysis and conventional methods of

hemocytometer and hematology analyzer. (Unit: cells/mL)

Image analysis Hemocytometer Hematology analyzer
Plasma Plasma Plasma Whole blood
WBC - - - 5.1 x 108
7.39 x 107 2.25 x 108
RBC - 4.15 x 10°
(98.3%)* (94.9%)*
5.0 x 108
Platelet - - 241 x 108
(98.0%)
Total - - - 4.396 x 10°

()*: Separation efficiency over total cell concentration in whole blood

(T: Separation efficiency over platelet concentration in whole blood
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5.3.2 Optimization of the PAD unit

For the detection of Li*, | optimized the fabrication method of the paper sensor using a filter paper
with a thickness that was the same as the gap height of the DMF device. The inspection of the Li*
concentration in whole blood requires a 0-2 mM detection range.[50-54] My assay kit for Li* concentration
indicates that the reaction ratio between the detection reagent (F28 tetraphenylporphyrin) and Li* is 1:1 mol.
However, if an excessive amount of the detection reagent is concentrated on the filter paper, the background is
high, and this is attributed to -7 binding.[60] To achieve the desired detection objective of up to 2 mM of Li*,
the paper sensors were designed to detect up to 3 mM of Li* with a 0.2 puLL sample using the steps described in
the Methods section.  Based on my previous study [60], | concentrated a total of 350 uL of the detection reagent
onto the filter paper (width: 4 cm, depth: 1 cm, thickness: 0.02 cm) considering calculations and the size of each
paper sensor (diameter: 2 mm). | first tested the performance of the fusion device in the therapeutic drug
monitoring range of 0.4 mM to 1.2 mM.[50-54] Each divided sample droplet (~0.2 pL) that contained standard
samples with a specific concentration was loaded onto the embedded paper sensor in the DMF device, and the
magenta intensity was measured via image analysis. The change in the contact angle owing to Li* is presented
in Table 5.1. The color intensity that was obtained using the fusion device plateaued above 2.5 mM as shown
in Fig. 5.9. The upper limit of the detection concentration expected based on the fabrication process of the
paper sensors was 3 mM, and the obtained plot (Fig. 5.9) confirmed the concentration. The saturated
concentration was slightly lower than the expected upper limit of detection because of the uneven size of the

prepared filter paper, which is because scissors were used to prepare the filter paper.
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Fig. 5.9 Investigation of a saturation intensity using standard sample by my method. A linearity was

obtained until 2.5 mM and the magenta intensity was saturated to 3 mM or more.

In addition, there was localization of the detection reagent during the drying process. Figures 5.10a,b
and Table 5.6 show the colorimetric results that were obtained with the present method and a conventional
method. The paper sensor color changed from yellow to red, and the color intensity increased with the increase
in the concentration of Li*. When comparing the detection ability, the present method was employed in
accordance with the kit protocol: a standard sample solution and the detection reagent were mixed at a volume
ratio of 1:60 in a well, and it was incubated at 37 °C for 10 min. The absorbance (A = 546 nm) was measured
with a microplate reader (SpectraMax i3x, Molecular Devices, Sunnyvale, CA, USA). The LOD (blank + 35)
and the maximum coefficient of variance were 0.267 mM and 9.48%, respectively (Fig. 5.10b). Thus, the
fabricated paper sensor showed sufficient detection ability for therapeutic drug monitoring in the concentration

range of 0.4 to 1.2 mM.
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Table 5.10 Measurement of Li* in standard solutions for various concentrations that is based on my proposed

method. (&) Photograph of the paper sensor after detecting Li* with my device. The color increased as the

concentration of Li* increased. (b) Calibration curve with the proposed method and the conventional methods:
black plot represents the proposed method, and the blue plot denotes the conventional method.  The calibration

curve that was obtained by my method displays good linearity and a high reproducibility in comparison to the

conventional method according to the kit protocol.

Table 5.6 Measurement of Li* standard sample by my method/the conventional method (mean + s.e.m.)

This work’s method

Conventional method

(DMF-Paper sensor, n = 55) (Microplate reader, n = 8)
Li* conc. Color intensity CV (%) Absorbance CV (%)
0mM 0.225+0.01 6.53 0.141 +2.4X10° 1.69
0.4 mM 0.293 £0.02 6.80 0.191+4.8x10° 251
0.8 mM 0.337 £ 0.02 5.25 0.237 £3.6X10° 151
1.2mM 0.390 £ 0.04 9.48 0.292+45%X10° 155
1.6 mM 0.427 £ 0.04 9.50 0.343+4.6X10° 1.33
2.0 mM 0.472 +0.03 5.51 0.381£5.9X%X10°% 154
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Further, I investigated the influence of the reaction time and silicone oil on the color intensity. Before
assembling the top and bottom plates, 0.2 pL of the detection reagent was preloaded onto the pre-dried paper
sensors to enhance their stiction on the bottom plate. A 2 mM Li* solution was immediately loaded onto the
paper sensors after loading the silicone into the gap in the DMF device, and photos was captured at different
times (0-10 min).  As shown in Fig. 5.11a, the color intensity after the sample loading reached the maximum
intensity within 30 s (the first data point), and it remained consistent within the range of standard deviation
during the measuring period. This result indicated that Li* in the sample droplet immediately reacted with F28
tetraphenylporphyrin in the paper sensor and the Li*-F28 tetraphenylporphyrin complex was retained in the
cellulose fibers without being affected by the silicone oil environment. | further changed the loading time of
the sample droplet to study the influence of the pre-loading immersion of the paper sensors in the silicone oil
environment on the color intensity. The silicone oil was first dispensed into the gap of the DMF device to
immerse the paper sensors for 5-60 min before loading the sample. The 2 mM Li* solution droplets were
subsequently loaded onto the paper sensors after the time delay. Figure 5.11b shows the relationship between
the color intensity and the pre-loading immersion time of the paper sensor. The color intensity had a constant
value for pre-loading immersion up to 20 min, and it started to decrease subsequently. This is because the
absorption of the silicone oil onto the paper sensors started to limit the absorption of the incoming samples.
Therefore, in the following studies, all the DMF processes for the whole blood had to be completed within 20

min.
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Figure 5.11 Influence of the silicone oil ambient on the paper sensor. Influence on the magenta intensity: (a)
with time after loading the droplet of the 2 mM standard sample in the silicone oil ambient, (b) and with a
different pre-loading immersion time in the silicone oil ambient that ranged from 5 min to 60 min before the
sample loading. The paper sensor immediately reacted with Li* and it reached the maximum intensity. In
addition, the intensity maintained a steady value for at least 10 min since there is no empty space in the paper
sensors for the penetration of the silicone oil. However, the paper sensor before loading the 2 mM standard

droplet sample was vulnerable to the silicone oil absorption after 20 min of the pre-loading immersion.

5.3.3  Analysis for detecting Li* in whole blood

| was able to determine the Li* concentration in whole blood with the proposed method. To compare
the measurement ability, | separated the plasma from whole blood with Li* and 0.5% Pluronic® F-127 using a
centrifuge. For this demonstration, | used the centrifuged separated plasma and the whole blood with Li*/0.5%
Pluronic® F-127. The changes in the contact angle for the standard sample, the plasma sample, and the whole
blood with Li* are shown in Table 5.1. For the conventional method, 3 uL of the plasma that was separated
with a centrifuge was mixed with 180 pL of the detection reagent. Afterwards, the absorbance (1 = 546 nm)
was measured after incubation at 37 °C for 10 min in the microplate reader. For my method, 5 pL of plasma
was separated with the centrifuge from the whole blood and 0.5% Pluronic® F-127 was introduced to the bottom
plate’s reservoir, in which five paper sensors were placed at the specified positions.  The silicone oil was then

introduced to the gap of the DMF device after assembling the top and bottom plates. | repeated the plasma
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separation and paper sensor introduction five times within 20 min with a constant frequency of 1.5 MHz and
voltage of 51.2 Vrms. The plasma sample measurement was carried out with the same procedure that was
used for the standard samples (Fig. 5.10). To prove the reproducibility, | carried out intra-day and inter-day
assays using varied whole bloods. The plasma droplet was separated from whole blood in the DMF device,

and it was moved to the paper sensors as shown in Fig. 5.11.
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Fig. 5.11 Photograph of all of the processes for detecting Li* in whole blood with the fusion device.

In a single fusion device, five plasma droplets (total 1 pL) were separated in series from the same whole blood
(original 5 pL) in the reservoir; thus, the blood cell concentration of the whole blood in the reservoir was
expected to increase during the separation process. | considered the concentration increase in the reservoir
and analyzed the cell concentration with a hematology analyzer (for the original whole blood), a hemocytometer,
and image analysis, as shown in Table 5.7 and Figs. 5.12a,b.  Figure 5.12a shows the images of the five plasma
droplets separated from the same whole blood, and the number of blood cells in the separated plasma droplets
increases according to the number of separations. Table 5.7 lists the blood cell concentration of the whole

blood in the reservoir that was first measured by the hematology analyzer (data points for Plasma 1) and then
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blood cell concentrations (Plasma 2 to 5) were calculated by considering the concentration of the previously
separated plasma droplets. The measured blood cell concentration and the separation efficiency obtained from
the hemocytometer and image analysis are presented in Table 5.7 and Fig. 5.12b.  This was obtained by using
the RBC concentration in the whole blood using the hematology analyzer. Although there is a variation in the
measurement results between the hemocytometer and the image analysis, the results demonstrate that my
method separated the plasma droplets with a high purity until five separations, in which 1/5 of the whole blood
was consumed. The differences in the results obtained using the hemocytometer and image analysis were
attributed to sampling and analyzing some of the blood cell aggregations in the plasma and the inability to obtain
the number of cells along the height direction owing to the 2D nature of the images. To improve the quality
of cell count using image analysis, | need to consider the dilution of the separated plasma droplet so that the
cells exist individually or use the low thickness of the gap height for avoiding the lack of cell information in the

height direction.
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—+—Image analysis Exp. 1
—+Image analysis Exp. 2

Image analysis Exp. 3
85 | —+Hemocytometer Exp. 1

Q0

Separation efficiency (%)

i Hemocytometer Exp. 2
Experiment 3

80 Hemocytometer Exp. 3

Droplet 1 Droplet 2 Droplet 3 Droplet4 Droplet 5

Fig. 5.12 (a) Photographs of separated droplets from whole blood on the reservoir. The experimental
conditions were 1.5 MHz (51.2 Vrms) and 200 um gap. The separation time was within 5 min for each
separation. (b) Relationship between the separation efficiency of blood cells and separated plasma droplet
from whole blood on the reservoir.
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Table 5.7 Cell concentration and separation efficiency in each plasma droplet with five serial separations from

whole blood (5 pL) in the reservoir (corresponding to Fig. 5.12). The experiments were repeated in triplicate.
(Unit: x107 cells / mL)

Hematology analyzer and
Image analysis Hemocytometer
calculation

Exp. 1 Exp. 2 Exp. 3 Exp.1 Exp. 2 Exp. 3 Exp.1 Exp. 2 Exp. 3

9.15 5.56 19.0 4.80 19.5 13.5
Plasma 1 453 453 296
(98.0%)* (98.8%) (93.6%) (98.9%) (95.7%)  (95.4%)
8.97 4.94 16.4 9.96 21.5 14.9
Plasma 2 472 471 308
(98.1%)  (99.0%) (94.7%) (97.9%) (95.4%) (95.2%)
129 10.1 18.2 17.4 19.6 14.7
Plasma 3 492 491 321
(97.4%) (97.9%) (94.3%) (96.5%) (96.0%) (95.4%)
11.9 8.43 17.1 20.8 28.0 24.2
Plasma 4 513 512 334
(97.7%)  (98.4%) (94.9%) (95.9%) (94.5%) (92.8%)
11.7 7.00 17.9 17.7 27.3 355
Plasma 5 537 535 349

(97.8%)  (98.7%) (94.9%) (96.7%) (94.9%)  (89.8%)

()": Separation efficiency

Fig. 5.13a shows the photographs of the paper sensors after detecting Li* in the whole blood with the fusion
device. The color intensity increased with an increase in the concentration of Li* in the whole blood as well
as the standard sample. The plots corresponding to each experiment are displayed in Figs. 5.13b,c (and the
summarized data in Table 5.8).  For both demonstrations, all of the plots for each concentration of whole blood

are in good agreement with those of the plasma obtained via the proposed method.
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Fig.5.13 Demonstration of the total analysis for determining the lithium-ion in whole blood (Movie S5). (a)
Photograph after detecting Li* in whole blood. The color increased with an increase in the concentration of
Li* in the whole blood without the influence of color from the blood cells. (b, ¢) The calibration plot when
using the plasma/blood samples with my method and the conventional method (see Table 5.8). The plasma
samples were prepared from the same blood sample by the centrifuge. The samples in (b) and (c) were
prepared on a different day. The numbers of each trial are in the ascending order of Li* concentration; (b) n =
30, 35, 35, 20, 35, and 20 for plasma; n = 30, 15, 15, 15, 20, and 10 for blood; (c) n = 35, 20, 40, 40, 35, and 25
for plasma; n = 30, 35, 20, 10, 20, and 15 for blood.  All plots for the proposed method are in good agreement

with the plot that was obtained by the conventional method.
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Table 5.8 Measurement of the Li* concentration in whole blood by my method and the conventional method

related with Fig 5.13b, ¢ (mean £ s.e.m.)

Fig. This work’s method This work’s method Conventional method

5.13b (Separated plasma) (Whole blood) (Separated plasma, n = 8)

Li* conc. Colorintensity CV (%) Color intensity CV (%) Absorbance CV (%)
0.153 +2.5 %

0mM 0.235 £ 0.02 10.4 0.224 £0.02 6.70 10 1.65
0.249+1.4x

04mM  0.351+0.03 9.36 0.345 £ 0.02 6.34 102 5.78
0.332+2.0x

0.8mM  0.409 +0.04 8.84 0.401+£0.04 8.74 102 6.14
0.407 £ 1.7 x

1.2mM  0.453+0.03 7.52 0.456 £ 0.05 115 102 4.26
0.446 + 1.0 x

1.6 mM  0.494 +0.03 6.31 0.494 £ 0.04 7.46 102 2.32
0476 +1.4 x

20mM  0.531+0.03 521 0.533+£0.05 9.12 102 2.83

Fig. This work’s method This work’s method Conventional method

5.13b (Separated plasma) (Whole blood) (Separated plasma, n = 8)

Li* conc. Colorintensity CV (%) Color intensity CV (%) Absorbance CV (%)
0.152+4.7 x

0mM 0.239 +0.02 6.52 0.229 +0.02 8.92 104 0.312
0.232+9.5x%

0.4mM  0.324 £0.03 8.27 0.313+0.04 11.3 10 4.11
0.314+£9.0 x

0.8mM  0.406 +0.03 6.54 0.411 +0.05 11.1 10 2.85
0.392+1.8x

1.2mM  0.456 +0.04 9.19 0.451 +0.03 7.59 102 4.62
0.446 £9.8 x

1.6 mM  0.491+0.03 5.37 0.501 +0.03 6.00 10 2.21
0470+ 1.2 %

20mM  0.523+0.03 5.18 0.532 £0.04 7.38 102 2.61

Although the blood cell concentration of the whole blood in the reservoir increased with the number of

separation iterations in my method, the obtained results were close for the whole blood (black circles, separation
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on-chip) and plasma (orange circles, separation with a centrifuge) samples. Fig. 5.14a and b illustrate the
magenta intensity of the paper sensors with the whole blood and plasma samples. The left panels in Fig. 5.14a
and b show the results obtained using the plasma samples separated with the centrifuge before loading the fusion
device’s reservoir, and the right panels display the results obtained using whole blood; note that Li*/0.5%
Pluronic® F-127 was employed in both cases. In all cases, the magenta intensity remained stable with respect
to the serial separation of the plasma. The cause of the inconsistent intensity variation will be investigated
subsequently. My future work will focus on improving the results obtained via the paper sensor, and these
improved results could then be used for clinical diagnostic applications. The results indicate that the DMF
device can offer a separation performance that is compatible with that of centrifugal separation without the

influence of the concentration of the red blood cells in the reservoir.
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Fig. 5.14 (a, b) Investigation of the influence to the intensity with contentious separated plasma droplet from
one reservoir. The left and right panels show the results using the plasma separated centrifuge and whole
blood with lithium-ion/0.5% Pluronic® F-127, respectively. These experiments carried out the intra-day and

inter-day assay using different whole blood.

The temperature during all of the processes for separating the five samples was monitored with midwave
infrared thermography. The total time for separating the five samples ranged between 15 min and 18 min, and
the highest recorded temperature was 39 °C.  To clarify the importance of the plasma separation for identifying
Li*, I measured the magenta intensity without plasma separation using a 0 mM blood sample, as shown in Fig.
5.15. The magenta intensity was approximately 0.9, higher than that in all of the results obtained with plasma

Moreover, the variation coefficients in all of the demonstrated experiments were 11.5% or less.
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This indicates that the present separation technique achieves a sufficient separation performance, and it can be
applied in clinical practice for blood separations with a high efficiency rate and low cost.  If only a data point
of the Li* concentration in whole blood is required, the required time for detection can be reduced to 4 min or

less.

(a) (A) 0 mM blood sample without plasma separation (

(*)
N

o ‘. ‘ (A)n=130,CV =4.01%
- < 08 | (B) n=130,CV=6.70%
g (C)n=10,CV=9.11%
(B) 0 mM blood sample with plasma separation 2 s
© e - g 0
°¢ : 1
- 2 04
2
C
(C) 2 mM blood sample with plasma separation g 45 I
Lo
0

Fig. 5.15 Clarification of the importance of plasma separation for determining lithium-ion in whole blood.
(a) Photography of paper sensors after loading blood or plasma droplet. The result of without plasma
separation stained with the color of blood about the half of the paper sensor. | consider two reasons: paper
sensors have a large area for wet over 0.2 uL-droplet. Second, the blood did not diffuse into the paper sensor
because of the high viscosity. (b) The magenta intensity on each sample. The intensity of 0-mM blood
sample without plasma separation was higher than that of with plasma separation.  This result indicated that

the concentration of lithium-ion cannot be measure without plasma separation.

5.4 Conclusions

In this study, a fusion device that employs DMF unit and PAD unit to determine the lithium ion
concentration in whole blood was developed. By using DEP and EWOD, the plasma droplets with different

volumes were separated from a few microliters of whole blood within a few minutes.  Under the experimental
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conditions of the fusion device (200 um gap), the maximum temperature that was generated by the applied
voltage was less than 39 °C for five serial plasma separations. Therefore, my separation technique can be
applied for protein detection in whole blood and it can be extended to total analysis systems that have a digital
microfluidic platform. The paper sensor, which contained the detection reagent, was integrated with the digital
microfluidic platform, and a good performance for clinical applications was achieved with the colorimetric
method.  This is the first report on the application of colorimetry in a digital microfluidic platform.
Nevertheless, the paper sensor was influenced by the typical ambient environment in the digital microfluidic
platform—silicone oil. In contrast with the conventional method, my fusion device employed a low sample
volume (5 pL) and achieved rapid detection within 4 min. The measurement performance was in good
agreement with that of the conventional method; however, there is room for improvement in order to apply it to
clinical diagnoses.  According to these results, | succeeded in the development of fusion device for determining
blood lithium ion concentrations.  Finally, | believe that my fusion device can determine the concentrations of

other components/multiple-targets in whole blood, and this can be achieved by preparing different paper sensors.
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CHAPTER 6 Conclusion and Future Prospects
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Conclusions

In this thesis, the main objective was the development of a paper-based analytical device (PAD) for
low-cost, rapid, and straightforward measurement of components in human blood via colorimetry. The
problems of paper-based analytical devices toward blood tests include a selection of the best fabrication methods
of PADs, image analysis methods for detecting multi-analytes in the whole blood, achieving plasma separation,
and accurate volume control of the separated plasma. To overcome these problems of conventional PADs
toward blood tests, the fabrication and image analysis methods were first evaluated as the basic study.
Subsequently, | developed a PAD and fusion device for determining the lithium ion concentration in human

blood as a model target. The summary of each chapter is described below.

In chapter 2, a common PAD design was fabricated by four common methods, including craft cutting,
wax printing, screen printing, and photolithography, and revealed the characteristics of each device, such as
economic efficiency, fabrication accuracy, wicking rate, and influence on the measurement performance by
colorimetry. This is because the selection of the best PAD fabrication method is required but there is no
information concerning which is best. As a result, each fabrication method provides high-cost performance;
however, the ease of fabrication and fabrication accuracy differ in these methods. Additionally, PADs that are
fabricated by employing different fabrication process and hydrophobic materials for patterning have different
characteristics of wicking rate and affect the color development and measurement performance. This study
offers supporting information to researchers for the development of PADs.  According to the results obtained

in this study, | concluded cutting and screen printing are better for developing colorimetric PAD.

In Chapter 3, | considered the image analysis method with CIE L*a*b* color system for achieving
multi-color detection on the PAD. As a model of multi-color changes, pH detection (pH 2-9) with a universal
pH indicator was demonstrated using the PAD with the typical design and quantitative analysis by image
analysis via the CIE L*a*b* color system. When measured by image analysis via a single color scale (Red,
Green, Blue), the Red, Green, Blue, and Gray intensities did not exhibit a good relationship between pH as RGB

analysis obtains single-color information.  In contrast, the CIE L*a*b* color system has three coordinates, i.e.,
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L*, a*, and b*. The L* value indicates lightness and (a* + b*)¥2 and tanY(b*/a*) indicate chroma (Ca») and hue
angle (hay), respectively. Based on L*, a*, and b* values, the color difference (AE) between an objective color
(pH 3-9) and a reference color (pH 2) demonstrated that the AE value increased monotonously with increasing
pH value, with small standard deviations. Additionally, a wide detectable pH range and high reproducibility
were achieved and, when compared to results obtained via the RGB-based image analysis, the single-channel
value of L*, a*, and b*, and tan"*(b*/a*) contains the hue information, as well as AE. Therefore, | succeeded
in the pH measurement by image analysis method with the CIE L*a*b* color system. This image analysis

method is expected to be applied to the quantitative analysis of multiple components in whole blood.

In Chapter 4, a PAD for determining the lithium ions in human blood was developed for application
to blood tests. Lithium carbonate is widely used as a medicine in bipolar disorder therapy; however, regular
monitoring of the lithium-ion concentration in blood is required for proper treatment. To overcome the
drawbacks of using conventional PADs in blood tests, this PAD was designed and composed of separation
assisting polymer substrates and two inter-linked paper-based elements: a blood cell separation unit and a
colorimetric detection unit that concentrated F28 tetraphenyl porphyrins as the detection reagent. After a
portion of the entire blood has been applied to the end of the separation unit, plasma in the sample is
automatically transported to the detection unit, which is then displayed as a diagnostic color. The key feature
of this PAD is its simple and user-friendly operation. The LOD is 0.054 mM and the coefficient of variance
is below 6.1 %, which are comparable to those of conventional instruments using the same colorimetric reaction.
Furthermore, | achieved a high recovery (> 90 %) and reproducibility (< 9.8 %) with spiked human blood
samples. Thus, the presented device provides an alternative method for the regular monitoring of lithium
concentrations in the treatment of bipolar disorder by augmenting the coefficient of variation (maximum value,
6.1 %). According to the results obtained in this study, I succeeded in developing a PAD for determining the

lithium-ion concentration in human blood.

In Chapter 5, a fusion device for determining lithium ions in human whole blood was developed by
combining digital microfluidics (DMF) and the paper-based device. The developed PAD in Chapter 4 still
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requires the improvements: (i) more reduction of required blood volume and (ii) non-requirement of the blood
introduction of a certain volume. To achieve (i) and (ii), I invented a fusion device comprised of a DMF unit
and five circle paper-based devices, PAD unit. The DMF unit was used for the pretreatment procedure,
including plasma separation, dividing an accurate volume of the plasma droplet, transporting the plasma droplet,
and introducing the plasma droplet to the PAD unit.  For plasma separation with DMF, EWOD and DEP are
simultaneously performed on the DMF platform. A high-frequency voltage (above 1 MHz) induced the
plasma separation by dielectrophoresis and the required time of the plasma separation was from 1 to 5 min while
generating a temperature lower than 40 °C. Additionally, this separation method can accurately separate
different volumes of the plasma droplet (20400 nL) to form a few microliters of whole blood with a separation
efficiency greater than 90 % using different gap heights (20400 um). For Li* detection, the PAD unit was
fabricated by drying and concentrating the detection reagent (F28 tetraphenylporphyrin) on a filter paper, based
on my previous study (Chapter 4). In a proof-of-concept study, as expected, the fusion device achieved the
required measurement performance for the lithium ion test in ambient silicone oil. The LOD was 0.267 mM
and the coefficients of variation (CVs) in the measuring range were less than 9.5 %. To determine the lithium
ion concentration in whole blood, the developed fusion device completed five serial replications within 20 min
while maintaining a generated temperature lower than 39 °C.  The data plots obtained by the device presented
herein are in good agreement with those obtained via a conventional method when the corresponding kit
protocol is used. This indicates that the developed fusion device can be a potent therapeutic tool for rapidly
detecting lithium ions in whole blood. According to these obtained results, | succeeded in the development of
the fusion device for determining lithium ions in human blood, addressing the drawbacks of the developed PAD

in Chapter 4.

In conclusion of this thesis, | developed novel techniques for overcoming the problems of using

conventional PADs in blood tests.
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Future prospects

Paper-based analytical devices (PADs) show great potential as an alternative method of blood testing
owing to their low-cost, biocompatibility, and portability (see Fig. 1.16). Generally, blood tests require the
separation of plasma or serum from the whole blood. In addition, accurately controlling the volume of serum
or plasma is essential manipulation for quantitative analysis of a target concentration by blood tests as the
regulation of blood tests is defined by the amount of substance per unit volume of the serum or plasma.
Therefore, PADs for blood tests should be integrated with separation and pipette manipulation (conducted by a
trained person) to provide a user-friendly, reliable, and on-site analysis at any location. The PAD for
determining the lithium ion concentration in whole blood was developed for use in blood tests. This device
can detect lithium ion in whole blood by two-steps: introduction of whole blood and pressing the detection unit
to the separation unit. This method controls the plasma volume by using a determined detection area
(hydrophilicity) to absorb the plasma. However, micro-pipetting is still required for loading the whole blood
(10-20 pL). Therefore, the relationship between color intensity and blood volume lower than 10 uL was
investigated and developed for the smartphone application of image analysis and to achieve user-friendly and
on-site analysis. Moreover, to prevent biohazards from users, the paper-based device should be embedded into
an optimized container. Most importantly, my device design has overcome the problems of PADs toward
blood tests and can contribute to the development of PADs for detecting a single analyte or multi-analytes in

human blood to achieve on-site analysis.

As other approaches for blood tests with the PAD, the fusion device consists of a DMF unit and the
PAD unit for determination of lithium ion in human whole blood was developed. This device achieved
automatic determination of lithium ions in whole blood, integrated with plasma separation, accurate volume
division of the separated plasma into droplets, transportation of a plasma droplet, and introduction of the plasma
droplet to the paper-based device for lithium ion detection. Moreover, the advantage of this device is that it
only requires a low blood volume (5 pL), five simultaneous detections within 20 min, and a low generated
temperature (<39 °C). Thus, my fusion device has the potential for determining multiple components in whole
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blood by embedding several paper sensors, which are retained different detection reagents. Furthermore, my
electrode design of a DMF device can be easily parallelized and resized for achieving a high-throughput. By
combining the image analysis method described in Chapter 3, I will, in the future, present an automatic
analytical system for determining multiple components in whole blood. In this thesis, | could not demonstrate
the detection of multi-analytes in whole blood. However, the PAD unit is embedded into the DMF unit; hence,
a cartridge-type fusion device that can be inserted into the PAD unit from outside is preferred for improved
versatility. More importantly, the DMF that can quickly separate the plasma of the accurate volume from low
blood volume (< a few microliters) will allow application to the detection of various targets in human blood as
it is easy to parallelize the electrodes constructed in the DMF. With the freedom to choose liquid-based
chemical detection, this technology has the potential to enable multi-target simultaneous quantification of blood
components in the future. To achieve further developed automatic systems, the external instrument, including
the supply of voltages to electrodes of DMF, storage tanks of the liquid sample (reagents and washing buffer),
and measurement parts (such as optical parts and analysis algorithms), should be used for an on-site analysis in

developing countries.

Figure 6.1 illustrates the future prospects of the PADs. The demand for on-site analysis of medical
tests is raised in many situations, such as not only common blood tests but also a home-based test and emergency
inspection in disasters and emergency medicine. For example, the blood collected from a child’s finger is (at
the most) a few microliters; hence, there is a strong need to develop novel analytical methods in pediatric care
that can be conducted using very low blood volume to minimize invasive diagnostics. Moreover, home-based
tests and emergency inspections, e.g., when a natural disaster occurs, have some requirements, such as low-cost,
minimally invasive, rapid detection, user-friendless, and portability. The PADs can provide medical test tools
that meet these needs owing to the advantages described in the General Introduction.  The developed prototype
in this thesis can support academic research of PADs for blood tests and also other medical tests, including
device design and performance evaluation.  After developing end-user PADs for medical tests, the PADs will

be commercialized through industry-academia collaboration. Finally, through the realization of a society
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where anyone can easily perform medical tests (e.g., in the home, working place, or ill-equipped locations, such
as developing countries or in the case of natural disasters), it will be possible to make a significant contribution
to the medical field. Furthermore, the PADs can contribute to realizing Society 5.0 for telemedicine and an
improvement of quality-of-life with on-site medical tests by combining the technologies of novel diagnostic

systems related to the Internet-of-Things (1oT).

Demand of on-site medical tests Prototype
on_site analysis Chapter 2 . Chapter 3

Rapid test Home-based test Emergency test s Sl

« pediatric care + diabetes + admission

* blood test * obesity * surgery
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* influenza, + pregnancy diagnosis myocardial infarction) Chapterd, 5

+ allergies + therapeutic drug + disasters
etc monitoring

(asthma, depression etc)
etc

Key word : Simplicity, User-friendiness, Rapidity, Repeatability

Collaboration
- Companies

- Research institutions
+ Hospitals

- Government

Academic research
+ Design of PADs for on-site medical tests

Needs of end-user, - Evaluation of measurement performance

Commercialization

* Mass production
- Approval as medical devices
* Market distribution

Realization of
- Society 5.0 for telemedicine
* improvement of Quality of Life

Novel diagnostic system with PADs

Combination of Internet of Things (loT)
— Al, big data, high-speed communication

Fig. 6.1 Illustration of the future prospects of PADs.
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