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Abstract 

 
Nanochannels have special properties different from microchannels. This feature 

is ion selectivity in which only specific ions can pass through a nanochannel by 

overlapping the electric double layer (EDL) on the nanochannel wall. Due to the ion 

selectivity of nanochannels, when an electric field is applied to a system with 

nanochannels, an ion concentration polarization (ICP) which is a phenomenon of ion 

concentration imbalance occurs near the nanochannel. Electrokinetic systems with 

nanochannels have been studied in various ways in that they may remove ions or 

concentrate them. However, the ICP phenomenon is stable in micro/nano channels, 

but it is limited to research on the purification and concentration of real samples due 

to problems such as instability and capacity. Therefore, in this thesis, purification 

and concentration of actual samples was conducted by scale-up the microscale 

device using a 3D_printer. 

First, a study on a portable peritoneal dialysis fluid reuse device was conducted in 

relation to the purification of actual samples. For conventional peritoneal dialysis, 

the patient should replace the peritoneal dialysis solution of the abdominal cavity 

with a clean dialysis solution after a certain period of time. Therefore, a portable 

peritoneal dialysis solution reuse device that does not require the patient to replace 

it by himself was devised by refining the peritoneal dialysis solution. In order to 

improve the capacitive limit of the existing PMDS-based micro/nano system device, 

a capacity (~10 ml/min) purification platform based on a 3D_printer was designed. 

The device was optimized to achieve stable purification efficiency even in a large-

capacity device, and the purification possibility of an actual peritoneal dialysis 

solution was confirmed using this. The purification performance of peritoneal 
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dialysis fluid and the decrease in the concentration of waste in the blood were 

confirmed through actual animal experiments, and the applicability of it to actual 

patients was confirmed. 

Secondly, a high-capacity two-branch ICP platform that can be purification 

and concentration simultaneously was developed. In the previous studies, 

purification or concentration was carried out respectively. However, in this 

study, a two-branch device capable of purification and concentration was 

increased in capacity using a 3D_printer. In addition, it was confirmed that 

purification and concentration were performed simultaneously by optimizing 

the device design and experimental method to maintain stable ICP. Moreover, 

it was confirmed that it could be used as a platform for separating charged 

particles (Endosome). Therefore, it is expected that it can be used as a 

platform for refining and concentrating various actual samples. 

 

Keywords: Ion selectivity, Ion concentration polarization (ICP), Scale-up using 

3D_printer, Peritoneal dialysis Liquid Refining Device, High-capacity two-branch 

ICP platform 
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Chapter 1. Introduction 

1.1. Ion-selectivity of a Nanochannel 

Nanochannels have characteristics compared to microchannels. Whether it's a 

microchannel or a nanochannel, it's wall has a specific charge. In this case, let's say 

it's wall has a negative charge as shown in figure 1.1. Due to electrical attraction, the 

concentration of cation is present at a high concentration at the wall side of the 

channel in the aqueous solution. This layer of ion concentration imbalance is called 

an Electric Double Layer (EDL). But in the case of microchannels, this imbalance 

of ion concentration gradually disappears as move to the bulk part of the channel (it 

depends on the concentration of the aqueous solution). However, in the case of 

nanochannels, the gap between the walls of channel is so narrow that the ion 

concentration imbalance remains unresolved even at the center of the channel. This 

means that the EDL overlap each other, maintaining the ion concentration imbalance 

inside the channel[1, 2]. Looking at the ion concentration graph shown in Figure 1.1 

(a), for micro-channels, the ion concentration imbalance is extremely large on near 

the wall, but the concentrations of cation and anion become equal as they descend 

into the bulk. However, in the case of nano-channels shown in Figure 1.1 (b), the ion 

concentration imbalance is extremely large on near the wall and the ion concentration 

imbalance remains unresolved. In terms of electrical potential, it can be seen that in 

the case of microchannels, the potential is zero in the bulk, so there is no effect on 

the wall charge. But in the case of nanochannels, the wall negative charge is not 

completely resolved, so it still has negative potential, which hinders access to 

nanochannels of negative charge. So when an electric field is stuck inside the 

nanochannel, the counter ion goes through the wall well, but the co-ion doesn't. In 
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other words, in nanochannels, charged materials such as walls cannot easily enter 

the nanochannels due to their electrical potential. This is called ion selectivity of 

nanochannels. 
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Figure 1.1. The schematic diagram of EDL and electric potential of (a) 

microchannel and (b) nanochannel. 
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1.2. Ion Concentration Polarization 

Various phenomena occur due to ion selectivity, which is a unique property of 

nanochannels. Ion Concentration Polarization (ICP) is also a phenomenon caused by 

the ion selectivity of the nanochannel[3]. ICP occurs when electric field is applied to 

a system with nanochannels. For example, suppose you put electric field on a system 

that has nanochannels that only pass through cations. As shown in Figure 1.2, cations 

in the channel can move to the cathode through the nanochannel, but the anions 

cannot pass through the nanochannel. Looking at the cathode side, the anions move 

toward the cathode and the cations move to the anode through the nanochannel. 

Therefore, an ion depletion zone (IDZ) which has no ions occurs on the anode side 

of the nanochannel. On the other hand, cations cross through the nanochannel on the 

anode side, and anions want to go to the cathode side, but they cannot pass through 

the nanochannel, so an ion enrichment zone (IEZ) is generated on the anode side of 

the nanochannel. This ion concentration imbalance phenomenon caused by the ion 

selectivity of the nanochannel is called ICP. 
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Figure 1.2. It is a schematic diagram showing the movement and concentration of 

ions when the ion concentration polarization phenomenon occurs[3].  
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1.3. Mechanisms of Preconcentration  

On the other hand, as the voltage was applied, electro-osmosis lets the solution 

inside the main microchannel move from the reservoir of VHIGH to the reservoirs of 

VLOW. Then, the charged molecules in the main microchannel are influenced by two 

different forces: electroosmotic force and electrophoretic force[4-7]. Electroosmotic 

force is represented as Stokes drag force, 6uEOR where is the dynamic viscosity, 

uEO is the electroosmotic velocity of bulk which is independent of the molecular 

characteristics, and R is the radius of the spherical object. Electrophoretic force can 

be represented as qE where q is a net electric charge of the molecule and E is the 

external electric field. For negatively charged particles, those two forces are exerted 

in opposite directions so that the particles can be accumulated at specific location, 

a.k.a. preconcentration of particle. If the electrophoretic force applied to the 

negatively charged particles is larger than drag force, the preconcentration plug 

steadily advances toward the reservoir of VHIGH. Conversely, if the drag force is 

larger than the electrophoretic force, the preconcentration plug moves toward the 

boundary of the depletion zone and finally stops at the position where the two forces 

are balanced. 
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Figure 1.3. The schematic diagram of preconcentration. In the system of cationic 

selective nanochannels, negatively charged particles become concentrated at the ICP 

boundary. 
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Chapter 2. A Portable Peritoneal Dialysis Device by 

Nanoelectrokinetic Dialysate Purification 

2.1. Introduction 

End stage renal disease (ESRD) is a state of permanent failure of kidney with high 

risk of morbidity and mortality. Worldwide population of ESRD patients are sharply 

increasing at a rate of 5-7 % per year[8] giving rise to increased economic burden. 

Even with proper dialysis treatment, however, they are exposed to 30 times higher 

cardiovascular mortality than general population[9]. Adjusted mortality rates of 

ESRD patients amounted to 136 per 1,000 patient-years in recent USRDS annual 

report[10]. Moreover, Medicare Expenditures in for ESRD patients records the 

highest medical costs per patient among the other chronic diseases. For example, it 

amounted to be 30.9 billion dollars in USA, 2013.Patients with ESRD should choose 

a therapeutic modality among kidney transplantation, hemodialysis (HD), or 

peritoneal dialysis (PD). Kidney transplantation is the treatment of choice by virtue 

of best survival rate [11-13], optimal quality of life as well as cost utility [14-16], 

although problem of donor scarcity remains to be solved. Most ESRD patients 

without altruistic donor candidates should maintain HD or PD. The selection of 

dialysis modality depends on patient’s medical conditions and characters[17-19]. 

HD is the most common and effective renal replacement treatment using advanced 

dialysis machine with removal of waste products and excessive water from blood via 

delicate dialysis membrane. It is relatively easy for patients to apply because 

specialized medical personnel can operate the procedure. However, HD patients 

usually receive dialysis three times a week in the clinic so that their excessive waste 
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product and water generated over 2 or 3 days should be removed only for 4-hours. 

Erratic changes in volume status, electrolyte and acid base status are developed 

between dialysis sessions repetitively. This distorted and capricious changes harm 

cardiovascular system of HD patients, and affect elevated mortality sequentially.  

PD uses their own peritoneum, the lining of the abdominal cavity, to filter patient’s 

blood. Dissolved substances such as urea, creatinine, potassium, phosphate and other 

uremic toxins in the blood are exchanged with indwelled dialysate by mass transfer 

for 4 to 6 hours and the patient should replace the used dialysate by themselves[20]. 

PD is preferred to young and active patients due to manageable time and space during 

dialysis procedures. Fundamentally, it is more physiologic method mimicking 

natural kidney function of “continuous filtering”. Continuous filtration system 

makes PD patients to be less restricted to their food intake and more beneficial to 

preserve residual kidney function. Consequently in terms of outcome, PD has shown 

excellent survival rate compared with HD, especially during the first 2 years after 

beginning dialysis [21-23] and even after transplantation [24, 25].  

Despite these advantages, PD remains as a least-preferred dialysis modality 

worldwide compared with HD. It is attributed by insufficient removal of uremic 

toxins, inconvenient and frequent self-exchange system using heavy dialysate bags, 

infectious complications and metabolic complications such as diabetes, obesity, and 

metabolic syndrome. These inconveniences would be resolved by a portable 

peritoneal dialysate regeneration system as shown in Figure 2.1 (a). The system 

offers efficient removal of uremic toxin, simplified self-exchange system, lower 

infectious and metabolic complications for optimizing PD as an ideal renal 

replacement modality, maximizing its conceptual merit. It should be capable of 
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automatic withdrawing, purifying the used dialysate and refilling the purified 

dialysate into peritoneum. Among a number of components, the efficient purification 

of biological toxic substances would be the key building block. While few 

mechanisms such as biochemical adsorption or physical filtering has been suggested, 

inherent limitations such as clogging or frequent replacing the filters, etc. hinders 

further development or commercialization.[26, 27] 

In recent years, water treatment society actively seeks a distributed, small-capacity 

water treatment system of high-energy efficiency, sustainable equipment costs, and 

minimized environmental problems. Among various proficient candidates, 

electrochemical techniques such as electrodialysis (ED)[28, 29], electrodeionization 

(EDI)[30], and capacitive deionization (CDI)[31, 32] fulfills the small-capacity 

requirements because reverse osmosis (RO)[33] which is the most-popular method 

would be suitable only for large-scale system. Despite of their unique advantages, 

none of such technique is capable of purifying wide size-range of target species from 

salt ions to biomolecular contaminants simultaneously in a single step process. On 

the other hand, recently reported ion concentration polarization (ICP) based 

purification technology[34-37] properly meets these criteria due to a unique 

electrical filtration function and high scalability. Briefly, perm-selectivity of 

nanoporous membrane would initiate a polarization of electrolyte concentration at 

both sides of membrane and, especially, an ion depletion zone is formed at the anodic 

side of membrane in the case of cation selective membrane[3, 38]. Since charged 

species rerouted their path along the concentration distributions near the ion 

depletion zone, the zone plays a key role to purify wide size-range of contaminants.  
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In this work, we proposed a nanoelectrokinetic dialysate purification device for 

continuous flow PD. First of all, a micro-nanofluidic device was employed to verify 

the mechanism of contaminant removal as the schematic given in Figure 2.1 (b). An 

in-situ visualization and a direct chemical analysis demonstrated that anionic species 

in a used dialysate rerouted around the ion depletion zone and cationic species 

including creatinine in a used dialysate was mostly removed by cationic flux through 

the nanojunction. On the other hand, urea which is known for electrically neutral 

body toxin was electrochemically decomposed to gas bubbles at the anodic electrode. 

Therefore, we would continuously obtain a purified dialysate by extracting stream 

from the ion depletion zone. Finally, this micro-nanofluidic platform was scaled-up 

using commercial 3D printer. A microfluidic environment was created in this 

scaling-up device using a confined micro-geometry which prevented undesirable 

instability and enhanced the removal of cationic species[39-42]. In-vitro test using a 

used dialysate obtained from patients who underwent PD and in-vivo test on Canine 

model were conducted for verifying this new scheme. 
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Figure 2.1. (a) Schematic diagram of conventional peritoneal dialysis (PD) and 

recyclable PD for a portable peritoneal dialysate regeneration system. PD uses 

patient’s own peritoneum, to filter dissolved toxins in a blood with indwelled 

dialysate for 4 to 6 hours. On the other hand, recyclable PD, which have an integrated 

portable system of purifying a used dialysate with proper toxin removal rate and 

(a) CAPD

Peritoneal 
cavity

Peritoneum used

Replacement

4-6 times/day

Discard

4-6 times/day

fresh

2 L

fresh

2 L

Recyclable PD

<2 kg

 Dialysate recycling

 No need dialysate bag

 Replacement 1 times/day

 Automate flow 

 Integrated sensors

-

+

PVDF

PVDF

- - - - - -CEM

+ + + + + +AEM

anionic species

cationic species 

V-

V+neutral anions cations

wall

(b) 



 

 １３ 

refilling the purified dialysate into peritoneum without any self-exchange process, 

will only provide treatments free from time and space constraints to the patients with 

end stage renal disease.  

(b) Schematic diagram of body toxins removal mechanism in a micro-nanofluidic 

platform and a scaled-up device for practical dialysate regeneration. Purified 

dialysate would be extracted after application of bias between the nanojunction, 

since urea would be decomposed by non-toxic gases at the anodic electrode, anionic 

wastes would be rerouted around the ion depletion boundary and cationic species 

including creatinine would be removed by cationic flux through the nanojunction. 

This micro-nanofluidic body toxin removal platform would be scaled-up with 

maintaining a microfluidic environment for practical utility (~ 10 mL/min) at the 

clinical point of view.  
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2.2. Verification of dialysate purification mechanism using 

micro-nanofluidic device 

Modeled micro-nanofluidic device was shown in Figure 2.2 (a). See Method 

section for the fabrication process and experimental apparatus. Since a minimum of 

100 μL of undiluted sample is required to measure the components in a dialysate 

solution by Renal Panel, here we have maximized throughput by reducing the 

electrokinetic instability with micro-fin structures near the bifurcation point[39] and 

by reducing electrical resistance with double patterned nanojunctions. The used 

dialysate solutions were continuously injected into both the anodic and cathodic side 

microchannels at a constant flow rate of 0.4 μL/min. Under these experimental 

conditions, we successfully generated the ICP phenomenon with developing the ion 

depletion boundary in front of the nanojunction to separate wastes and purified 

streams as shown in Figure 2.2 (b). Anionic charged fluorescent dye molecules 

(Alexa 488, Invitrogen, USA) and carboxylate micro-particles (1 m diameter, 

Invitrogen, USA) could not pass through the ion depletion boundary and rerouted 

outside the ion depletion boundary.  

Each stream was individually extracted and concentration profiles of urea, 

creatinine, Na+, Cl- and phosphorus (P) which are the major indicators to determine 

status of patient were quantitatively measured as shown in Figure 2.2 (c). Note that 

K+ is also an important indicator, but Na+ was chosen as a representative indicator 

because of high measurement accuracy and the same nanoelectrokinetic 

transportation mechanism applied to both Na+ and K+[43]. The positively charged 

species (Na+ and creatinine) were removed from purified stream depending on their 

electrophoretic mobility[43]. Most of Na+ ions were transported through the 
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nanojunction by cationic flux and finally, 90 % desalted stream was collected 

(normalized concentration was 0.1). Creatinine (sub nanometer molecule and one of 

the major toxin of body wastes from a used dialysate) is electrically neutral at pH 

7.4 but a positively charged under pH 7.4. Since dialysate showed slightly acidic 

property, we confirmed that creatinine follows cation like transportation mechanism 

under the ICP phenomenon. The concentration of creatinine was decreased at both 

outside (yellow channel) and inside (blue channel) the ion depletion boundary in the 

anodic side and increased in the cathodic side (brown channel). Around 50 % of 

creatinine passed through the nanojunction and around 33 % of it flew through 

stream of outside the ion depletion boundary. Finally, around 17 % of creatinine 

were left inside the ion depletion boundary so that concentration was significantly 

decreased in the purified stream (normalized concentration was 0.34). Cl- was 

consumed by electrochemical reactions on the anodic electrode to satisfy electro-

neutrality in a solution due to the ICP phenomenon which rearranged concentration 

profiles near the nanojunction. Remarkably, urea (known as uncharged molecule and 

one of the major toxin of body waste along with creatinine) was completely 

eliminated by electrochemical reactions in the anodic side streams including the 

purified stream (normalized concentrations were 0.01). On the other hand, P was 

removed from both the anodic and cathodic side channels (normalized 

concentrations were 0.17). This meant that P could not pass through the nanojunction 

and was decomposed by electric field across the channels.  
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Figure 2.2. (a) A microscope image of fabricated micro nanoelectrokinetic purifier. 

Polymeric material, PDMS was used for building microchannels and nanoporous 

membrane, nafion was used for patterning nanojunctions. Positive pressure and 

voltage were applied to an inlet of the anodic side microchannel (red) and Positive 

pressure and GND were applied to an inlet of the cathodic side microchannel (blue).  

(b) A microscope image of dialysate purification due to the ion concentration 

polarization (ICP) phenomenon. Anionic wastes were rerouted outside the ion 

depletion boundary and cationic wastes were removed through the nanojunction by 
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cationic flux so that purified dialysate was extracted from stream inside the ion 

depletion boundary.  

(c) A normalized concentration profiles of major indicators at outside (yellow) and 

inside (blue) the ion depletion boundary of the anodic side streams, and cathodic side 

(brown) stream.  
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2.3. Scaling up the dialysate purifier 

2.3.1. Design of the macro nanoelectrokinetic purifier 

While the feasibility of nanoelectrokinetic purifier for a continuous dialysate 

purification was demonstrated in a micro-nanofluidic platform, the throughput of the 

device is insufficient for practical dialysate recycling for either human or animal test. 

In this chapter, 3D printed macroscale exquisite device was fabricated for the 

throughput enhancement. The basic idea of this macro device is creating a 

microfluidic environment in a macro-fluidic device[44]. While the expansion of ICP 

layer is obviously requisite to filter dialysate at this high throughput device, ICP 

device loses function if the channel dimension becomes larger than O(100) um as 

similar as other micro-nanofluidic devices[39, 45]. The important characteristics (or 

regimes) of ICP formation in micro-nanofluidic platform were reported[40] as (1) 

surface conduction (SC), (2) electroosmotic flow (EOF) and (3) electroosmotic 

instability (EOI). These plays a critical role of ion transportation through the 

nanojunction as well. As the characteristic length of channel changes, SC and EOF 

and EOI dominates over the ion transportation at very thin channel (< 5 um) and at 

thin channel (< ~O (100) um) and at wide channel (> ~O (100) um), respectively, so 

that this macroscale device should have the EOI characteristics. However, the EOI 

dominant system always has an avoidable instability[46-48] and high-energy 

consumption as a result of lowering overlimiting conductance[49]. In order to adjust 

the regime from EOI to EOF or SC, microfin structures were previous employed in 

2-dimensional micro-nanofluidic device[39]. The fins were able to suppress the EOI 

and we could integrate and enhance the throughput up to dozens of conventional ICP 

devices of Q= ~5 uL/min. However, channel widening in a single plane (i.e. 2-
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demensional expansion) is unable to provide more than lab scale throughput. Thus, 

expansion of the fins at z-direction (i.e. 3-dimensional) contrived a mesh structure 

that plays the identical role of the fins.  

Based on aforementioned concept, we developed the macro nanoelectrokinetic 

purifier which is composed of an anodic side channel, Nafion-coated mesh, Nafion 

sheet and a cathodic side channel as shown in Figure 2.3 (a). The device was 

designed to have the same operating principle of micro nanoelectrokinetic purifier 

and able to be assembled in parallel. Here the cathodic channel was designed to share 

two anodic side channels for increasing integration efficiency. Nafion sheet was 

adopted to separate the anodic and cathodic side channels, which not only prevents 

fluidic interference but also passes the positively charged species. Nafion-coated 

mesh was installed to enable sufficient and stable purification in a wide macro 

channel. The specificity of Nafion-coated mesh design approach was shown in 

Figure 2.3 (b). Mesh structure which had microscale width, length and height was 

installed to form microfluidic regime in macrofluidic channel. Coated Nafion on the 

mesh surface ensures that the positively charged species are transported towards the 

Nafion sheet along the direction of the electric field. Therefore, cationic wastes in a 

used dialysate were removed through Nafion-coated mesh and Nafion sheet along 

with applied electric field direction, and purified dialysate passed through the mesh 

perpendicular to the electric field. Cross sectional view of assembled parts was 

shown in Figure 2.3 (c). In principle, 64 layer of micro-nanofluidic devices were 

stacked in this single macro nanoelectrokinetic purifier module. The final unit 

module of 10 cm width, 2.3 cm depth and 5.5 cm width was manufactured after 

optimization, which could purify a used dialysate at 1.33 mL/min so that eight single 

modules were connected in parallel to finalize a multiple module device having a 
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processing capacity over 10 mL/min which was 100,000 times enhanced throughput 

compared with the micro-nanofluidic device. See supporting information 2 showing 

the process of throughput enhancement from micro nanoelectrokinetic purifier (0.1 

uL/min) to macro nanoelectrokinetic purifier (10 mL/min). 

In the clinical point of view, the clearance of various uremic components is 

unnecessary to over 99 % which is strongly required level for potable water. This is 

because one has to preserve the essential protein components with anionic charge in 

a used dialysate solution, while it is necessary to remove excessive body ions and 

toxins such as urea and creatinine. When performing continuous flow PD, we 

initially aim to remove 30 % of the body toxins at a flow rate of 10 mL/min, since 

sudden removal of ions and toxins may cause cerebral edema by disequilibrium 

syndrome[50] and/or brain edema and fatal arrhythmia by acute hyponatremia or 

hypokalemia[51]. These target values could be adjusted depending on the patient’s 

health condition. Moreover, volume loss due to the dialysate flowing through the 

anionic species removal channel which contained a small amount of creatinine and 

a large amount of such protein rejected by the ion depletion boundary should be 

eliminated. As refer to the microfluidic results shown in Figure 2.3 (c). Such design 

enables one to prevent unwanted fluid loss and achieve enough removal ratio of 

toxins over than 30 %.  

The performance test for a single unit of the dialysate purifier was demonstrated 

as shown in Figure 2.3 (d). A used dialysate and a fresh dialysate were infused 1.33 

mL/min to the anodic and cathodic side channels, respectively. The current source 

was applied from 0.05 to 0.8 A and the steady-state voltage was measured 

simultaneously from 5.8 to 25.3 V. At each condition, single-path purified sample 

was measured every 20 minutes and processed 60 minutes totally. Urea was started 
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to be decomposed completely from above 0.1 A and creatinine was removed over 

30 % at more than 0.2 A. The removal performance of the macro nanoelectrokinetic 

purifier was directly related to an applied electrical current, but the removal ratio 

showed a tendency to saturate at 0.4 A or higher. From these results, we set an 

electric application strategy (0.2 A to a single module of throughput 1.33 mL/min, 

1.6 A to eight multi modules of 10 mL/min) to achieve more than 30 % removal of 

body toxins for following in-vitro and in-vivo experiments. 
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Figure 2.3. (a) Exploded view of a single module of the macro nanoelectrokinetic 

purifier and a real image of assembled multi module device in parallel. A single 

module of macro nanoelectrokinetic purifier is composed of anodic side channel, 

nafion-coated mesh, nafion sheet and cathodic channel. Eight modules can be 

connected in parallel to achieve nanoelectrokinetic purification throughput of 10 

mL/min.   

(b) Schematic diagram of nafion coated mesh design approach. Coated nafion on 

the mesh surface ensures that the cationic wastes are transported towards the nafion 

sheet along the direction of the electric field so that purified dialysate passed through 

the mesh perpendicular to the electric field.  
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(c) Cross sectional view of an assembled single module of the macro 

nanoelectrokinetic purifier. The macro nanoelectrokinetic purifier is 10 cm wide, 2.3 

cm high, 5.5 cm high and consists of a stack of 64 micro-nanofluidic devices. 

(d) Graph of toxins removal performance of a single module of the macro 

nanoelectrokinetic purifier at the throughput of 1.33 mL/min.  
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2.3.2. In-vitro closed-loop circulation of peritoneal dialysate using 

macro nanoelectrokinetic purifier 

In-vitro experiment was conducted to simulate the performance of continuous 

peritoneal dialysate purification, by the complete circuit shown at Figure 2.4 (a). 

Here we used a macro nanoelectrokinetic purifier (10 mL/min throughput) with eight 

single modules connected in parallel. The 1-1.6 A of electrical current was applied 

to pass between electrodes. In the beginning, 2 L of a used dialysate was filled in the 

abdominal cavity mimic chamber which simulated a peritoneal fluid volume in the 

abdominal cavity of the body. We additionally set blood compartment mimic 

chamber and excessive volume removal chamber to mimic the uremic toxin transport 

into the abdominal cavity from blood compartment through the peritoneum. A used 

dialysate in the blood compartment mimic chamber was flew into the abdominal 

cavity mimic chamber (2 mL/min) and an excessive volume of dialysate flew from 

the abdominal cavity mimic chamber into the excessive volume removal chamber (2 

mL/min). The total volume level was thus maintained in the abdominal cavity mimic 

chamber. In the meantime, the used dialysate in the abdominal cavity mimic chamber 

was flew into an anodic side of the macro nanoelectrokinetic purifier (10 mL/min) 

and purified dialysate was extracted from it. Then, the purified dialysate was 

reinjected into the abdominal cavity mimic chamber. This dialysate circulation was 

continuously repeated to purify the used dialysate in the abdominal cavity mimic 

chamber. On the other hand, the buffer unit corresponding to a cathodic side of the 

macro nanoelectrokinetic purifier had an independent circuit. The chamber was 

initially filled in a fresh dialysate and the dialysate was continuously circulated (10 

mL/min). The samples at “a” and “b” were measured every 20 minutes for 2 hours 
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and every 2 hours for the next 10 hours. 

The single-path removal ratio of body toxins (urea, creatinine) and electrolyte 

(Na+, Cl- and P) during 12 hours was shown in the following Figure 2.4 (b). The 

removal ratio of samples after single-path purification was calculated as (1-

(concentration at node b)/(concentration at node a))×100 (%). Urea was totally 

eliminated during initial 4 hours of operation. The average removal ratio of 

creatinine was measured at 27.8 % level which is proper value of clinical point. As 

similar as creatinine, the average removal ratio of Na+ was measured at 34.5 % level 

and Cl- was measured at 9.4 % level, respectively.  

Next, the concentration change of the used dialysate in the abdominal cavity 

mimic chamber was measured as shown in Figure 2.4 (c). The concentration of urea 

was steeply decreased during initial 2 hours and finally reached at 0.004 % compared 

to its initial concentration because the entire used dialysate (~2 L) had passed 

through the macro nanoelectrokinetic purifier with removal ratio over than 90 %. On 

the other hand, the concentration of creatinine, Na+, Cl- and P were linearly decreased 

and finally they reached at 51.9 %, 51.6 %, 75.0 % and 85.3 % compared to their 

initial concentration, respectively. This in-vitro experiments were repeated more 

than 10 times for guaranteeing a reproducibility and the removal rate and normalized 

concentration in Figure 2.4 (b) and 2.4 (c) were chosen from one of the experiments. 

Therefore, we concluded that the rate of body toxins removal by macro 

nanoelectrokinetic purifier satisfied the clinical criteria. 
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Figure 2.4. (a) A block diagram of in-vitro experiment. A used dialysate which 

was initially in the abdominal cavity mimic chamber flew into the anodic side of the 
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macro nanoelectrokinetic purifier and the extracted purified dialysate was injected 

again into the abdominal cavity mimic chamber.  

(b) Graphs of the removal ratio of the major indicators by the macro 

nanoelectrokinetic purifier with respect to time. Urea was totally eliminated during 

initial 4 hours of operation and other species had a constant removal tendency.  

(c) Graphs of the normalized concentration of the major indicators in the 

abdominal cavity mimic chamber with respect to time. The concentration of urea 

was steeply decreased during initial 2 hours and other species showed a linear 

decreasing tendency. After 12 hours experiment, the concentrations of urea, 

creatinine, Na+, Cl- and P were reached at 0.004 %, 51.9 %, 51.6 %, 75.0 % and 85.3 % 

compared to their initial concentration, respectively.  
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2.3.3. In-vivo closed-loop circulation of peritoneal dialysate using 

macro nanoelectrokinetic purifier with beagle dogs 

The preparation of the in-vivo experiment was determined based on the removal 

rates of toxins and other substances identified in the in-vitro test results. The block 

diagram of in-vivo experiment was depicted as shown in Figure 2.5(a) and the 

sampling nodes were also indicated. To implement a real peritoneal dialysis 

environment, (1) a model of chronic renal failure beagle dog was prepared and (2) a 

catheter was inserted at the entrance of the abdominal cavity of the dog (from Seoul 

National University Hospital). The 1 A of electrical current was applied to pass 

between electrodes. 

Figure 2.5 (b) showed the removal ratio of several indicators after single-path 

purification over time. The removal ratio was calculated as (1-(concentration at node 

c)/(concentration at node b)) ×100 (%). The value was normalized by each of initial 

injection concentration. In the case of urea, the removal performance was stably 

maintained so the average removal ratio was measured at 86.4%. In the case of 

creatinine, Na+ and Cl-, the removal ratio was also stably maintained with average 

values were 66.1 %, 28.3 % and 7.7 %, respectively. Compared with in-vitro test 

result, the removal ratio of Na+ and Cl- was similar or slightly lower, but around 30 % 

of creatinine was more removed due to the support from the silk-fibroin filter. On 

the other hand, the P removal rate was increased compared to the result of in-vitro 

experiment. the average removal ratio of P was measured at 20.3 %. P was not 

initially removed but started to decompose after an hour of operation so that the 

average removal ratio was measured at 20.3 %. These results implied that the electric 

field was stably distributed and strong enough to decompose P in the in vivo device. 
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The normalized concentrations of each species in the beagle dog’s abdominal 

cavity were plotted in Figure 2.5 (c). The concentration of urea, Na+ and Cl- kept 

decreased as expected, while creatinine and P increased with fluctuations. Since the 

exchange of the substance between the purified dialysate in the abdominal cavity and 

the blood compartment through the peritoneum actively occurs, creatinine in the 

blood was newly diffused into the abdominal cavity. This amount of inflow was 

determined by the difference in the concentration of the substance in the blood and 

the substance in the peritoneal fluid so that such a non-uniform concentration 

distribution appeared. In the meantime, the concentrations of each indicator obtained 

from beagle dog’s serum were analyzed as shown in Figure 2.5 (d). As the purified 

dialysate was injected into the abdominal cavity, the concentrations of urea, 

creatinine, Na+ and Cl- were gradually decreased as a function of time. The 

concentration of P was also decreased but fluctuation level was observed due to fast 

vertical flow by ICP[42] inducing cell lysis in the body. As a result, total toxin level 

in a body fluid of the beagle dog was reduced around 10 % during 3 hours of macro 

nanoelectrokinetic purifier operation. This critical evidence suggested that 

conventional PD processes could be replaced by macro nanoelectrokinetic purifier. 

For an extreme case, both kidneys of the beagle dog were completely removed 

and long-term in-vivo test for 12 days was conducted and the concentration of major 

toxin (urea and creatinine) from the beagle’s serum was plotted as shown in Figure 

2.5 (e). Regular PD treatment with dialysate of 40 cc/kg was applied for initial 3 

days right after the nephrectomy. Urea and creatinine continuously increased and 

they were explosively elevated in following 2 untreated days. Then the toxins were 

decreased once regular PD at 60 cc/kg were applied for 5 days. After these control 

tests, continuous nanoelectrokinetic-PD (NEK-PD) was applied to the beagle. Here 
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silk-fibroin filter was not able to utilize since debris in a peritoneal fluid blocked the 

filter pores in short time. As a result, both toxins were almost maintained their initial 

concentration, providing a conclusion that NEK-PD can replace regular PD with the 

dialysate volume between 40 and 60 cc/kg. Therefore, once the nanoelectrokinetic 

dialysate purifier, pumps, filters, and sensors would be integrated, one can operate 

the system as portable artificial kidney which would provide maximum convenience 

to the patients of end stage renal disease. 
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Figure 2.5. (a) A block diagram of in-vivo experiment with a model of chronic 

renal failure beagle dog. A used dialysate in the abdominal cavity of the dog was 

withdrawn at 10 mL/min, and continuously passed through the silk fibroin filter for 

assisting creatinine removal and macro nanoelectrokinetic purifier. The cathodic side 

of the macro nanoelectrokinetic purifier was initially filled with a fresh dialysate and 

circulated at 10 mL/min independently with the cationic wastes being continuously 

injected from the anodic side.  
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(b) Graphs of the removal ratio of the major indicators by the macro 

nanoelectrokinetic purifier with respect to time. Urea, creatinine, Na+, Cl- showed a 

constant removal tendency and the average removal ratio of them were measured at 

86.4%, 66.1 %, 28.3 % and 7.7 %, respectively. Around 30 % of creatinine was more 

removed due to the support from the silk-fibroin filter. P was started to be 

decomposed after 1 hour operation and the average removal ratio was measured at 

20.3 %. 

(c) Graphs of the normalized concentration of the major indicators in the 

abdominal cavity of the beagle dog with respect to time. The concentration of urea, 

Na+ and Cl- kept decreased, but creatinine and P increased with fluctuations because 

of the real-time toxin exchange process through the peritoneum. 

(d) Graphs of the normalized concentration of the major indicators in the serum 

of the beagle dog with respect to time. The concentrations of urea, creatinine, Na+ 

and Cl- were gradually decreased but P was decreased with fluctuations due to 

metabolism. Toxin level in a body fluid of the beagle dog was around 10 % reduced 

during 3 hours of macro nanoelectrokinetic purifier operation. 

(e) Graphs of major toxin level changes in the beagle dog without kidneys during 

12 days. Both urea and creatinine concentrations were increased during initial 5 days 

(regular PD at 40 cc/kg for 3 days and untreated 2 days), decreased next 5 days 

(regular PD at 60 cc/kg), and almost maintained final 2 days (nanoelectrokinetic -

PD). 
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2.4. Experimental Methods  

2.4.1. Fabrication of micro nanoelectrokinetic purifier 

Micro-nanofluidic device, consisted of a bifurcated anodic side microchannel, 

nanojunction, and a single cathodic side microchannel, was fabricated using 

Polydimethyl siloxane (PDMS, Sylgard 184 Silicone elastomer kit, Dow Corning) 

substrate and Nafion polymeric solution (20 w.t.% resin, Sigma Aldrich). Firstly, to 

build fluidic channels, both the anodic and cathodic side microchannels were 

designed to have the dimension of 1 mm width and 15 um depth. A pre-polymer of 

PDMS and curing agent were mixed with 10:1 ratio and bubbles were bled in a 

vacuum chamber about an hour. Pouring the mixed polymer solution onto the 

microchannels patterned master and curing it in an oven about 4 hours. Secondly, to 

build nanojunction, Nafion solution was utilized as a cationic perm-selective 

nanoporous material and patterned between bifurcated point of the anodic side 

microchannel and the cathodic side microchannel using surface patterning 

method[49, 52, 53]. Finally, the PDMS block having fluidic channels and the slide 

glass having the solid Nafion nanojunction were accurately aligned and chemically 

bonded by using a plasma bonder (Cute-MP, Femto Science, Korea). The assembled 

device was shown in Figure 2.2 (a). 
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2.4.2. Apparatus for micro-nanofluidic experiment 

Both external voltage sources and pressure sources were required to initiate 

asymmetric ion depletion boundary generation. An external voltage was applied 

across the nanojunction using a source measurement unit (SMU 238, Keithley, USA). 

The analyte and buffer solutions were injected into the microchannel using a syringe 

pump (PHD 2000, Harvard apparatus, USA). An inverted fluorescence microscope 

(IX-51, Olympus, Japan) and a CCD camera (DP73, Olympus, Japan) were used to 

detect and image the electrokinetic flow in the microchannel. Commercial software 

(CellSense, Olympus) was used to synchronize the CCD camera with the microscope 

and to analyze the images. The components in a dialysate was analyzed by renal 

function panel (7180 Hitachi Automatic Analyzer, Japan) 
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2.4.3. Building a macroscale device 

A commercial 3d drawing program (RhinoCeros 5.0) was used to design the 

practical electrokinetic dialysate purifier. The purifier is composed of anodic 

compartments, mesh structure, nafion sheet (0.002 inch thickness, Sigma Aldrich) 

and cathodic compartments as shown in Figure 2.3 (a). The frames of these channels 

were printed by Projet 2500+ (3Dsystems, USA) with MJP RWT resin (3Dsystems, 

USA). The frame of the mesh structure was 3D printed by M125 (MiiCraft, USA) 

with photopolymer FC-2 (MiiCraft, USA). Detailed assembly procedure was given 

in the section 2.4.4. 
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2.4.4. Apparatus for macroscale experiment 

8 of unit macro devices were assembled for the final device which had the 

throughput of 10 mL/min. Epoxy adhesive was glued to bond each unit device. Tigon 

tubes (i.d. 3.2 mm, ISMATEC) were used to connect to the in-vitro circuit. An 

external voltage was applied using a source measurement unit (Lambda zup 36-6, 

TDK). The analyte and buffer solutions (used dialysate from Seoul National 

University Hospital) were continuously injected with a constant flow rate into both 

the anodic and cathodic channels using a peristaltic pump (custom manufactured 

from Seoul National University Hospital). Each stream was extracted individually 

and concentration profiles of Na+, Cl-, creatinine, and urea were quantitatively 

measured by Renal Panel (HITACHI 7180, HITACHI).  
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2.4.5. In-vivo test using chronic renal failure beagle dog 

Adult male Beagle dogs (age 14–16 months; weight 8–11 kg) were used for 15/16 

nephrectomy chronic kidney disease model. For inducing partial infarction of left 

kidney, seven of eight left renal arteries were ligated. One week later, contralateral 

kidney was removed creating 1/16 remnant kidney. Sixteen weeks after second 

operation, 60 percent beagles showed sustained high serum creatinine (Scr>2.0 

mg/dl) and proteinuria (Protein to creatinine ratio >1.5 g/gCr) levels, namely proper 

modeling of chronic kidney disease. Among established model, two dogs were 

performed peritoneal catheter insertion operation. In supine position, the anterior 

abdominal wall was incised bilaterally and the peritoneal membrane was exposed. 

Two Double-cuff Tenckhoff catheters were inserted into abdominal cavity through 

each incision site bilaterally and purse string suture was performed to avoid dialysate 

leakage.  

For the beginning, 600 mL (60cc/kg) of a fresh dialysate was filled into the 

abdominal cavity of the beagle dog. Then, the exchange of the substances between 

the dialysate in the abdominal cavity and the serum occurs actively through the 

peritoneum so that body toxins in the serum was newly diffused into the abdominal 

cavity. After 4 hours, the contaminated dialysate in the abdominal cavity was 

withdrawn outside by the peristaltic pump and passed through the silk fibroin based 

filter firstly and the macro nanoelectrokinetic purifier secondly to be purified. Note 

that we set silk fibroin based filter to assist the macro nanoelectrokinetic purifier 

performance since silk fibroin decomposed urea to be charged and Renamezin 

adsorbed creatinine[54]. Then purified dialysate was injected into the abdominal 

cavity again after passing the sensor part for monitoring the concentration of urea 
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and electrolyte. The buffer unit corresponding to the cathodic side is implemented 

so as to have an independent circuit to be circulated by an additional used dialysate. 

Therefore, the peritoneal dialysis process was automated by reinjecting the purified 

dialysate into the abdominal cavity. Note that we set 4 sampling points, one for inside 

peritoneum of the dog, second for exit of the silk fibroin filter, third for exit of the 

nanoelectrokinetic purifier and firth for the buffer unit.  

For a long-term in-vivo test with several treatments as shown in Figure 2.5 (e). An 

adult female beagle (age 5 years; weight 11kg) was used for total nephrectomy model. 

Unlike 15/16 nephrectomy chronic kidney disease model, bilateral kidneys were 

removed simultaneously, meaning immediate loss of whole kidney function. After 

operation, dialysis was halted for 24 hours in order to take time to accumulate uremic 

toxins. First manual dialysis was performed with 40cc/kg every 2 hours for 3 days 

continuously. We used 1.5% or 2.5% dextrose dialysate solution, aiming for a zero 

fluid balance. After another two days’ halt of dialysis, we secondly performed 

manual peritoneal dialysis with escalated dialysis dose of 60cc/kg. For daytime, we 

exchanged a total of 4 times of peritoneal dialysate fluid every 2hrs with 1.5% or 

2.5% dextrose solution. For nighttime, 7.5% icodextrin solution was indwelled for 

16 hours. In this way, 5 days of dialysis treatment was performed. Subsequently, 24-

hour long-term in-vivo experiment was conducted. 

The specific in-vivo experimental set-up and magnified macro nanoelectrokinetic 

device were shown in supporting information. Additional control panel was adopted 

to stop the purifier at emergency. Here we utilized 10 mL/min throughput device to 

automate peritoneal dialysis process for chronic renal failure beagle dog. Dialysate 

purification process was carried out continuously and the concentration changes of 

the toxins and electrolyte were measured by sampling every 20 minutes. 
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2.5. Conclusion 

A nanoelectrokinetic dialysate purification device for continuous flow PD was 

successfully demonstrated. First, we confirmed that the most of toxic substances 

(urea, creatinine, Na+, Cl- and P) were substantially removed in micro-nanofluidic 

platform. Charged substances such as Na+ and creatinine were electrically 

transported through the nanojunction depending on their electrophoretic mobility 

and electrically neutral substance such a urea was electrochemically decomposed 

above the threshold potentials. 

To maintain these removal mechanisms in the macrofluidic environment, we 

carefully designed the scaled-up devices using 3d printer with fine mesh structures 

and nafion sheet. Final module can recycle a used dialysate at 10 mL/min with over 

30 % removal ratio so that toxins level in a body fluid was reduced around 10 % 

during 3 hours. Throughput and removal ratio would be manipulated by leveraging 

electric conditions and pressure field at one’s discretion. In-vitro test with closed 

circuit that simulated continuous flow PD treatment and in-vivo test with chronic 

kidney disease model beagles verified the performance of the nanoelectrokinetic 

purifier. Conclusively, one can expect an integrate system as wearable artificial 

kidney which would provide maximum convenience to the patients of end stage renal 

disease, once the nanoelectrokinetic dialysate purifier, pumps, filters, and sensors 

were integrated. 
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Chapter 3. High-capacity Two-Branch ICP device 

capable of Purification and Concentration at the same 

time 

3.1. Introduction 

In the previous two chapters, purification or concentration was performed using 

each device. This chapter aims to develop a high-capacity two-branch ICP device 

that can simultaneously perform purification and concentration in a device using ICP. 

The existing PDMS-based microscale two-branch device using ICP could confirm 

good performance compared to purification and concentration using other methods. 

However, the reason why the device using such ICP was not used a lot is that it is 

difficult to maintain the ICP stably. Therefore, it is an important point of view how 

stable the ICP can be maintained in the purification and concentration device using 

ICP. This is because the principle of purification and concentration using ICP is that 

substances are divided along the boundary of IDZ when ICP occurs. Therefore, in 

this chapter, a two-branch device that can stably generate an ICP phenomenon and 

simultaneously perform purification and concentration in a high-capacity device was 

devised. 

 A device was manufactured using a 3D_printer as in Chapter 2 to enable high-

capacity processing. Based on purification and concentration using the existing ICP, 

it was designed to maintain the ICP stably. This high-capacity two-branch ICP 

refining and enrichment platform is expected to be used as a purification and 

enrichment platform for various materials. 
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Figure 3.1 Purifying efficiency of dialysate in a microscale two-branch device 

using several methods (EPH, ED, ICP, NEK). The case of purification using ICP 

showed the best efficiency.  
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3.2. Fabrication and experimental setups 

3.2.1. Design of high-capacity two-branch ICP device 

 The existing PDMS-based microscale device was designed using a 3D_printer 

by scale-up. Like a microscale device, it has one input, and the output is designed in 

a form of two. In Chapter 2, the fin structure was used to maintain a stable ICP at the 

microscale, and mesh was used to expand it to three dimensions. Likewise, it was 

designed to express stable ICP using mesh. Unlike microscale devices that used 

nafion solutions through surface patterning, nafion sheets were used to distinguish 

between main channels and buffer channels. Figure 3.2 shows a more detail design 

of the high-capacity two-branch ICP device. The main channel and buffer channel 

were output separately, and the mesh and nafion sheet were inserted and assembled. 

Also, it was important to design the bubble generated by the electrode to escape 

toward the brine without entering the purified. Bubble occurs in the electrode due to 

the electrode reaction during the purification and concentration of actual samples. 

Therefore, while positioning the electrode on the brine side as much as possible, the 

passage to the purified side is blocked by the mesh to maintain the depletion 

boundary, and the generated bubble is positioned to make it difficult to penetrate the 

purified line through the mesh. Detailed assembly procedure was given in the section 

3.2.3 
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Figure 3.2 It is a high-capacity two-branch ICP device designed using a 

3D_printer. On the left is the exploded view of the device, which is output in two 

parts and assembled with mesh and nafion sheet. The right side is the side view of 

the device, designed to keep the ICP stable. 
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3.2.2. Fabrication of high-capacity two-branch ICP device 

A commercial 3d drawing program (RhinoCeros 5.0) was used to design the high-

capacity two-branch ICP device. The device is composed of anodic compartments, 

mesh structure, nafion sheet (0.002 inch thickness, Sigma Aldrich) and cathodic 

compartments. The frames of these channels and mesh structure were printed by 

Projet 2500+ (3Dsystems, USA) with MJP RWT resin (3Dsystems, USA).  
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3.2.3. Apparatus for high-capacity two-branch ICP device 

Epoxy adhesive was glued to bond main channel and buffer channel. Tigon tubes 

(i.d. 3.2 mm, ISMATEC) were used to connect to the circuit. An external voltage was 

applied using a source measurement unit (Lambda zup 36-6, TDK). The analyte and 

buffer solutions (used dialysate from Seoul National University Hospital) were 

continuously injected with a constant flow rate into both the anodic and cathodic 

channels using a syringe pump (Harvard apparatus, PHD2200). Each stream was 

extracted individually and concentration profiles of Na+, Cl-, creatinine, and urea 

were quantitatively measured by Renal Panel (HITACHI 7180, HITACHI).  
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3.3. Results and discussions 

3.3.1. Verification of the purification and concentration effects 

according to mesh (open channel) and nafion coating 

In order to design an optimal high-capacity two-branch ICP device, the 

effectiveness of mesh presence and nafion coating was verified. For the verification 

of purification and concentration of the device, a dialysate was used, and the 

performance was confirmed by measuring the conductance. The reason for using the 

dialysate was that it contains various cations and anions, so it was appropriate to 

check the efficacy of purification and concentration. Also, mesh played a role in 

dividing the channel into several open channels. Several divided open channels 

inhibit the expression of electroosmotic instability (EOI), helping to maintain a 

stable depletion boundary.  

First, the results of purification and concentration according to the open channel 

size of the mesh were confirmed (Figure 3.3). There was a significant large 

performance difference to some extent depending on the presence or absence of the 

mesh, and a minute performance difference could be confirmed according to the 

open channel size. In the case of 800 m, it could be seen that the open channel size 

was too large and the ICP was not stable, resulting in poor performance. 200 m and 

400 m showed almost similar performance, but it could be seen that the 

performance of 400 m was slightly better. 

Next, the results were confirmed according to the presence or absence of a nafion 

coating. In this case, the experiment was conducted using the mesh (400 m) that 

showed the best performance. Performance was verified under various current (0.1, 
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0.02, 0.04 (A)) and flow (0.1, 0.2, 0.4, 0.8, 1.6 (ml/min) conditions depending on the 

presence or absence of nafion coating on the mesh (Fig. 3.4). Regardless of the 

presence or absence of nafion coating, purification and concentration performance 

were not well performed at a flow rate of 0.4 ml/min or more. However, the 

experimental results of 0.1 and 0.2 ml/min showed better purification and 

concentration performance when using the nafion-coated mesh. 
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Figure 3.3 Conductance of purified, brine, and buffer was measured according to 

the mesh open channel size. In the case of purified, the conductance value increased 

because of the electrode reaction, so the performance should be verified with the 

values of brine and buffer. The performance in the presence of mesh was better than 

in the absence of mesh. In the case of 800 m, it could be seen that the open channel 

size was too large and the ICP was not stable, resulting in poor performance. 200 m 

and 400 m showed almost similar performance, but it could be seen that the 

performance of 400 m was slightly better. 
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Figure 3.4 The result of the performance test according to the nafion coating in 

the mesh. Like Figure 3.3, it was difficult to compare the performance of purified by 

the electrode reaction, so it was necessary to compare the brine and buffer 

conductance. Comparing (b)-(e), (c)-(f), it was possible to confirm better 

performance when nafion coating was performed. 

 

 

 

 

 

 

 

 

 

 

Flow rate (mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

S
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

Flow rate (mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

S
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

(d) (e) (f)

(a) (b) (c)w/o nafion-mesh w/o nafion-mesh w/o nafion-mesh

w/ nafion-mesh w/ nafion-mesh w/ nafion-mesh

Flow rate( mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

S
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

Flow rate (mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

S
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

Flow rate (mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

S
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

Flow rate (mL/min)

0.0 0.4 0.8 1.2 1.6 2.0

C
o

n
d

u
c
ta

n
c
e

 (
m

C
/c

m
)

0

10

20

30

40

0.01 A

0.02 A

0.04 A

purified brine buffer

purified brine buffer



 

 ５０ 

3.3.2. Verification of the purification and concentration effects of 

high-capacity two-branch ICP device using dialysate 

The purification and concentration performance of the high-capacity two-branch 

ICP device was confirmed from the optimal design obtained in 3.3.1. The experiment 

was also carried out with various currents (0.01, 0.02, 0.04 (A)) and flow rates (0.1, 

0.2, 0.4, 0.8, 1.6 (ml/min)) at this time. As shown in Fig. 3.4(a), it could be confirmed 

that as the flow rate decreases and the current increases, the conductance value 

decreases. However, excessive electrode reaction occurred in main channel at a large 

current and low flow rate, resulting in increased conductance. However, as shown in 

Figures 3.4(b) and (c), the conductance value increases as the flow rate decreases 

and the current increases. Therefore, it could be seen that it had consistent 

performance. 
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3.3.3. High-capacity two-branch ICP platform for purification 

and concentration  

 An experiment was conducted to separate endosome using the optimized device 

in 3.3.2. In the system in which ICP occurs, the charged particles may be separated 

according to the amount of charge and the size. Using this principle, an experiment 

was conducted to separate endosome by size in a high-capacity two-branch ICP 

device. Endosome which used in experiments got from Seoul National University 

Hospital Seoul Metropolitan Government Seoul National University Boramae 

Medical Center. The endosome provided was a size of ~500 m. It was difficult to 

verify in real time that it was divided into desired sizes, so the results were verified 

through various voltages and flow rates. As shown in Figure 3.5, endosome sizes 

were identified on the purified line and the brine line under various conditions. It 

was confirmed that endosome was separated based on a size of approximately 200 

m under the condition (20 V, 0.2 ml/min, Figure 3.5 (b)). Through this, it was 

confirmed that it can be applied not only to purification and concentration but also 

to particle separation through the high-capacity two-branch ICP platform. 
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Figure 3.5 This was the experimental result of separating endosomes by size using 

the high-capacity two-branch ICP platform. An endosome with a size of ~500 m 

was subjected to a separation experiment under various voltage and flow conditions. 

In the case of (d) (20 V, 0.2 ml/min), it was confirmed that the endosome was 

separated by size based on 200 m. 
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3.4. Conclusion 

In the previous chapters, purification or concentration was performed using ICP 

device. In this chapter, the high-capacity two-branch ICP platform was developed by 

scale-up of the simultaneous purification and concentration from a microscale to a 

two-branch device. It was designed to maintain a stable ICP. For the best 

performance, the open channel size of the mesh was optimized. In addition, stable 

ICP was maintained through nafion coating. Based on these studies, the performance 

was confirmed through dialysate, and as a result, it was confirmed that purification 

and concentration were performed simultaneously. The high-capacity two-branch 

ICP platform could be used as a particle separation platform as well as purification 

and concentration. It was confirmed that separation by size was possible through the 

actual endosome. It is expected that it can be used for purification and concentration 

of various substances and particle separation in the future. 
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 Chapter 4. Concluding Remarks 

In this thesis, the research was conducted to purification and concentration an 

actual sample using an electrokinetic phenomenon generated by ion selectivity, 

which is a unique characteristic of nanochannels.  

First, a portable peritoneal dialysis device that can be reused by purifying 

peritoneal dialysis fluid was studied. A device capable of large-capacity processing 

(~10 ml/min) using a 3D_printer was developed for the existing PDMS-based micro-

scale device. The device was optimized so that ICP could be stably expressed in a 

large-capacity device. Based on these efforts, animal experiments were conducted, 

and significant purification effects could be confirmed. Conclusively, one can expect 

an integrate system as wearable artificial kidney which would provide maximum 

convenience to the patients of end stage renal disease. 

Secondly, high-capacity ICP platforms were developed that can purification and 

concentration at the same time. In order to maintain a stable ICP, it was confirmed 

that purification and concentration were performed simultaneously by optimizing the 

device design and experimental method. It was also confirmed that it can be used as 

a platform for separating charged particles.  

In summary, research related to the purification and concentration of actual 

samples was conducted using ion selectivity, a specific property of nanochannels. A 

high-capacity portable peritoneal dialysis device was devised using a 3D_printer, it 

was investigated that the waste peritoneal dialysis solution could be purified using 

it, and an actual animal experiment was conducted to develop a waste peritoneal 

dialysis solution reuse device. In addition, the high-capacity two-branch ICP 

platform was devised that could perform purification and concentration at the same 
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time. It is expected that it can be used for purification and concentration of various 

actual samples. 
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Appendix 

A. dCas9-mediated Fast Detection of Oncogenic 

Mutation by Non-equilibrium Potential Application 

for PCR-free Liquid Biopsy 

A.1. Introduction 

With the development of molecular diagnosis using biomarkers, the detection of 

mutated DNA become an emerging method for cancer diagnosis and treatment. The 

detection can be used for early diagnosis of cancer through regular health checkups 

and for monitoring a treatment response, and can provide a variety of detailed 

information that is difficult to obtain with conventional diagnosis tools[55]. To 

maximize the benefits of molecular diagnosis, a molecular diagnostic tool with high 

accuracy, low cost, and high throughput is required. Traditionally polymerase chain 

reaction (PCR)-based amplification technique is often adopted for the method of 

analyzing biomarker genes such as Sanger sequencing[56], cyclic array 

sequencing[57], and next-generation sequencing (NGS)[58]. However, PCR can 

amplify and analyze a very small amount of DNA biomaker[59], but the error rate is 

also boosted during the PCR amplification process, which can significantly reduce 

diagnostic reliability of cancer diagnosis[60]. In order to replace erroneous PCR 

amplification process, researchers have demonstrated direct nanopore sensing[61-63] 

and ionic-field-effect-transistor sensor[64, 65]. But these sophisticated methods also 

have issues such as low signal-to-noise ratio and difficulties in nanofabrication 

process.  



 

 ５７ 

Recently, an electrokinetic process called ion concentration polarization (ICP) as 

a target amplification mechanism is adapted rather than the techniques mentioned 

above. Within the nanostructure, only the counter-ion can pass through it, because of 

the overlapped electric double layer[1, 66]. This causes an ionic imbalance around 

the nanostructure, which leads to various physicochemical phenomena such as the 

formation of an ion depletion zone, locally amplified electric filed in the ion 

depletion zone[42, 67], non-equilibrium space charge[68-72], electroconvective 

instability[73-78], and overlimiting currents[79-84], etc. Among those unique 

phenomena, the highly efficient preconcentration of charged species in the 

electrolyte loaded in the micro/nanofluidic platform (Figure A.1 (a)) can be achieved 

by this ICP phenomenon[43]. Due to the electroneutrality condition, the ion 

depletion zone plays as an electrical shield against the charged species so that it often 

employed as a core mechanism of local accumulation of low abundant molecules. 

This ICP preconcentration has been extensively studied for a decade and the previous 

literatures reported that the concentration factor would be 1,000 – 10,000 fold within 

10 minutes[85]. Using similar platform, various biosamples such as DNA[86], 

protein[87, 88], and cells[89] have been also preconcentrated. Brief description of 

the preconcentration mechanism is as follows. As shown in Figure A.1 (b), charged 

particles is depleted from the anodic side of Nafion nanojunction and effectively 

accumulated outside the electrical shield. On the other hand, as the voltage was 

applied, electro-osmosis lets the solution inside the main microchannel move from 

the reservoir of VHIGH to the reservoirs of VLOW. Then, the charged molecules in the 

main microchannel are influenced by two different forces: electroosmotic force 

(Fdrag) and electrophoretic force (FEPs)[4-7]. For negatively charged particles, those 

two forces are exerted in opposite directions so that the particles can be accumulated 
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at specific equilibrium position. This is conventional mechanism of the molecular 

preconcentration. Further studies have revealed that the specific equilibrium 

positions can be two or more depending on FEPs[6, 7], leading a multiple 

preconcentration. Because the drag force is the same along with the entire main 

channel, the equilibrium position of molecules with different electrophoretic 

mobility can be separated as shown in Figure A.1 (b). Recent studies added more on 

this multiple preconcentration mechanism[90]. By tuning extrinsic parameters such 

as applied electric field, channel dimension and external flow rate, one of 

preconcentration plug steadily advances toward the reservoir of VHIGH (a.k.a. 

propagating behavior), while the other preconcentration plug stops near the ion 

depletion zone (a.k.a. stacking behavior). This is called “selective preconcentration” 

rather than conventional ICP preconcentration.  

Based on this mechanism, our group has reported a study on the detection of target 

DNA utilizing the specific binding of catalytically inactive mutant of Cas protein. 

Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats associated protein 

9 (CRISPR/Cas9)[91]) is a protein working as DNA scissors and whose target DNA 

regions is specified by RNA spacer. In our previous study, we utilized dCas9[92], in 

which the nucleolytic activity was blocked, since only the characteristic of Cas9 

protein binding to a specific nucleotide sequence was required. The 

ribonucleoprotein (RNP) complex consist of dCas9 and sgRNA is capable of binding 

to a specific DNA sequence. When RNP is bound to a specific DNA sequence, the 

RNP-DNA complex experiences a new force balance, resulting in different 

preconcentration behavior. Then when the mixture of RNP-DNA complex and 

unbound DNA was preconcentrated, they showed separated preconcentration plugs 
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according to each force balanced position. However, dCas9-mediated 

nanoelectrokinetic detection of single base substitution (SBS) has not been proved 

yet. In this study, we demonstrated that dCas9-mediated fast detection has the 

potential to be applied for detecting SBS. The epidermal growth factor receptor 

L858R (EGFR L858R) mutation, one of the three major mutations detected in cell-

free DNA and circulating tumor cells of lung cancer, is selected as a model target for 

validating sensitive SBS detection methods. In order to observe and analyze the 

plugs formed by the DNA bound to the RNP complex and unbound DNA, a 

fluorescent protein gene (mCherry) was fused to dCas9 gene and FAM dye was 

tagged on the EGFR DNA. In addition, the fluorescent labeling of the analytes 

enables the real time detection of differently located preconcentration plugs. As 

shown in Figure A.1 (c), when RNP targeting EGFRM (mutant) was mixed with 

EGFRWT (wild type), only one preconcentration plug of unbound DNAs was 

expected at the green filter due to the single mismatch in the EGFR DNA sequence. 

In the meantime, as shown in Figure A.1 (d), when RNP targeting EGFRM was mixed 

with EGFRM, perfectly matched EGFR DNA was bound to the RNP complex to form 

an additional preconcentration plug observed in the green filter. Thus, like a 

pregnancy test kit, one green line means negative, while two green lines means 

positive. By the distinct aspects of the preconcentration mechanisms described above, 

the presence/absence of target DNA could be identified within 1 minute.  
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Figure A.1. (a) The picture of a real micro/nanofluidic device. (b) The schematic 

diagram of selective preconcentration plugs with different balance position. (c) The 

schematic of negative case which RNP targeting EGFRM was mixed with EGFRWT. 

(d) The schematic of positive case which RNP targeting EGFRM was mixed with 

EGFRM. 
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A.2. Experimental methods 

A.2.1. Device fabrications 

 The micro/nanofluidic device consisted of main and buffer microchannel of 15 

m in depth, 150 m in width and 14 mm in length. Note that the characteristic 

length scale of our device with these dimensions was 15 m so that an ion depletion 

zone formed within this length scale can be regarded as a stable ion depletion 

zone[41, 80, 84]. The nanojunction made of Nafion was surface patterned as 

follows.[79] Briefly, a polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer 

kit, Dow Corning, USA) block was fabricated to possess a straight blank 

microchannel of 100 m width, 5 mm length, and 50 m depth by soft-lithography 

method,[93] and then it was put on a glass substrate to form a blank straight 

microchannel. Then, Nafion solution (20 wt% resin solution, Sigma Aldrich) was 

filled in the blank microchannel by capillary force or negative pressure and PDMS 

block was removed from glass. After heating the glass substrate at 95 ℃ for 5 

minutes, the solidified Nafion resin without solvent was remained on the glass 

substrate to form a nanoporous junction, and the thickness of the patterned Nafion 

was 1.5 ~ 1.8 m. This patterned Nafion contained a number of O(10) nm 

nanopores.[94] The Nafion junction was used because it has advantages such as (i) 

easiness in fabrication by soft-lithography as described above so that it can be easily 

patterned at a regular laboratory[41, 95, 96] without any additional nano-

lithographical facility and (ii) good performance as nanoporous membrane because 

it has high perm-selectivity due to its high surface charge. After all, a PDMS block 

of main- and buffer-microchannel was bonded onto a Nafion-patterned glass 
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substrate using plasma treatment to construct a complete micro/nanofluidic platform 

as shown in Figure A.1 (a). 
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A.2.2. Materials 

 To express dCas9-mCherry fusion protein, the sequence of dCas9 was amplified 

from pdCas9-bacteria (Addgene 44249, USA) with NB-T7dCas9-F/NB-dCas9-R 

primers and mCherry sequence fragment was ordered as gBlock (IDT, USA) with N 

terminus GS-linker and C terminus 6 X histidine tag. They were inserted into pCDF-

Duet (Novagen, USA) backbone using NEBuilder (NEB, USA) to be expressed 

under the T7 promoter, resulting a pCDF-PT7-dCas9-mCherry plasmid. Each DNA 

template, EGFRWT and EGFRL858R mutant, were generated by oligo annealing 

(EGFR-858wt-F/EGFR-858-R for EGFRWT and EGFR-858MF/EGFR-858R for 

EGFR L858R mutant) followed by TA-cloning (TaKaRa, Japan). Control DNA, 

JAK2 sequence DNA, used for control experiments (dilution and specific binding 

experiment) were prepared as the same method except for oligo sequences (JAK2-

617-wtF/JAK2-617-R). 

Escherichia coli BL21 (DE3) was transformed with the pCDF-PT7-dCas9-

mCherry plasmid to express dCas9-mCherry fusion protein. It was cultured in LB 

medium (containing spectinomycin to maintain plasmid) at 37 ˚C. When the OD600 

reached 0.6, the culture was cooled to 18 ̊ C after IPTG induction (final concentration 

of 0.8 mM), and cultured for overnight (over 18 hours). The protein was purified by 

affinity (Nuvia IMAC, Bio-Rad, USA) and size exclusion chromatography (Enrich 

SEC) using a fast protein liquid chromatography (FPLC) system (NGC, Bio-Rad, 

USA). For the affinity chromatography, all buffers and steps followed the 

manufacturer’s instructions. The eluent from IMAC was concentrated using a spin 

concentrator (Pierce Protein Concentrator PES, 100K MWCO, Thermo Scientific, 

USA) to reduce sample volume before being loaded on the size exclusion 
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chromatography. For size exclusion chromatography, protein storage buffer was 

prepared as described in the report of Lee et al.[90]  

The sgEGFR-M sgRNA, the single guide RNA carrying spacer for EGFR L858R 

region, was purchased as a synthetic sgRNA (Synthego, USA). 

Both EGFR DNAs, wild type and L858R mutant, were amplified from the TA-

cloned target sequences with EGFR-100-F/FAM-EGFR-R primers, of which, FAM-

EGFR-R primer was labeled with FAM dye (5’end) for visualization of DNAs in 

microchannel. But JAK2 control DNA was amplified with JAK2-100-F/EGFR-R 

primers resulting without FAM labeling DNA fragment. All DNAs were purified 

using GeneAll Expin CleanUp SV kit (GeneAll, South Korea) before assembled. 
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A.2.3. Electrophoresis mobility shift assay 

The sgEGFR-M sgRNA, dCas9-mCherry, and each DNA in a molar ratio of 

20:5:1were assembled in a reaction buffer, NEBuffer 3.1 (NEB, USA). The dCas9 

protein was pre-assembled with sgRNA having a perfectly matched spacer with 

EGFRM858R to prepare the RNP (at 37˚C for 30 min by thermal cycler). Then each 

DNA, EGFRWT or EGFRM DNA carrying L858R point mutation, was mixed with 

the RNP complex to final concentration 100 nM, and incubated for an additional 30 

minutes. To verify whether the DNA was captured or not, 10 µL samples were 

analyzed on a DNA retardation polyacrylamide gel (6%, Invitrogen, USA) under 

TBE running buffer following the manufacturer’s instruction. After the separation, 

iBright imaging system (Invitrogen, USA) was used for gel imaging. FAM-labeled 

DNA was visualized in the FITC channel, and mCherry reporter was visualized in 

Cy3/550 channel. Samples containing DNA only or the assembled sample without 

sgRNA were also loaded on the gel as size indicators or control. 
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A.2.4. DNA-sgRNA-dCas9 complex reaction 

For the binding of dCas9-sgRNA to targeted DNA, dCas9 (1.07 M), sgRNA (15 

M) were firstly mixed in a reaction buffer (3 L, 100 mM NaCl, 20 mM Tris-HCl, 

5 mM MgCl2, 5 % glycerol, pH 7.5) and incubated at 37 ℃ for 15 minutes. Then, 

after resting at room temperature for 1 minute, DNA (194 nM) was mixed to prepare 

15 L of reaction solution, and incubated again at 37 ℃ for 30 minutes. After the 

entire reaction, the final solution was prepared by diluting the fully reacted solution 

one twentieth in RNase free water (final concentration of DNA was 9.72 nM) 
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A.2.5. Experimental apparatus 

An external voltage to the platform was applied using two source measurement 

unit (SMU 238, Keithley, USA) through Pt electrodes. They shared the common 

ground and VHIGH and VLOW were applied from each SMU to the reservoirs (anode 

to main microchannel and cathode to buffer microchannel). An inverted fluorescence 

microscope (IX-51, Olympus, Japan) and a CCD camera (DP73, Olympus, Japan) 

were used to detect and trace the fluorescence-labeled samples. Fluorescent filters 

installed in the microscope were U-FBNA (excitation 470 ~ 495 nm and emission 

510 ~ 550 nm for FAM dye) and U-FGW (excitation 530 ~ 550 nm and emission 

570 ~ nm for mCherry dye). Commercial software (CellSense, Olympus, Japan) was 

used to synchronize the CCD camera with the microscope and to analyze the images. 

And the obtained images were processed by image-J software.  
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A.2.6. Image analysis 

Fluorescence intensity analysis was performed using Image J software. First, in 

each experiment, a microscope image was captured after applying a voltage for 1 

minute and the brightness of green fluorescence were digitized in the x and y 

directions of the channel, respectively. Background signal was removed from these 

values. Then, the line intensity of the preconcentration plugs was extracted by the y-

directional averaged of fluorescent intensity as a function of x.  
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A.3. Results and discussions 

A.3.1. Verification of dCas9-mediated oncogenic mutant 

detection using conventional EMSA test 

Before we test whether dCas9 could discriminate SBS by our ICP mechanism, we 

performed a conventional fluorescent Electrophoretic Mobility Shift Assay (EMSA) 

first. The EGFR L858R targeting RNP complex had been mixed with EGFRWT DNA 

or EGFRM DNA carrying L858R point mutation. Then, they were analyzed with 

native-polyacrylamide gel (PAGE). Note that mCherry (excitation 587 nm and 

emission 610 nm) was attached to dCas9 and FAM (excitation 488 nm and emission 

532 nm) was attached to DNA so that their position could be verified through 

fluorescence signal on the gel in EMSA.  

Experiments shown in Figure A.2 were conducted to check the location of RNP, 

DNA, and their complex. The number of bands under the FITC filter varied whether 

the target DNA was added or not. Two bands appeared under the FITC filter with 

EGFRM as a target DNA (the first lane of Figure A.2 at the location labelled as “RNP-

DNA complex” and “unbound DNA”). More detail, the multiple band observed only 

in the RNP-DNA complex is presumed to be due to the difference in mobility caused 

by the structural heterogeneity of the complex. According to Lim et al[97], it was 

confirmed that the DNA-RNA heteroduplex of the Cas9 ternary complex (RNP 

bound DNA) can have two different structures. There is a larger fraction of zipped 

conformations in which the protospacer and the spacer are fully hybridized, but some 

open conformations have also been observed. Since the multi-band of the ternary 

complex in the EMSA experiment has also appeared in other literature dealing with 
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dCas9 binding[86, 98], we did not judge that the multiple bands were separated. And 

only one band appeared under the FITC channel (the second lane of Figure A.2 at 

the location labelled as “unbound DNA”) in the absence of target DNA as denoted 

EGFRWT. The RNP-DNA complex showed slower migration than RNP in EMSA 

because RNP captured mutated DNA so that the mobility of RNP-DNA complex 

decreased. Under Cy3/550 filter, two separate bands were observed in the lane for 

the mixture EGFRM DNA added, while only one band was observed in the lane for 

the mixture with EGFRWT DNA as shown in left yellow box in Figure A.2. The 

location of slower band under Cy3/550 filter was exactly matched with the band only 

shown from the mixture added FAM-tagged EGFRM DNA. This result indicated the 

dCas9 with sgEGFR-M sgRNA could specifically bound EGFR DNA carrying 

L858R point mutation. Note that, as can be seen from the third lane of Figure A.2, 

dCas9 alone was unable to bind DNA without sgRNA, and therefore, no DNA-

binding protein band was observed even in the case of EGFRM. 
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Figure A.2. Conventional EMSA test to verify the specific binding of RNP (dCas9 

with sgRNA) to EGFRM. It was analyzed with native-PAGE under the FITC filter. 
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A.3.2. Verification of dCas9-mediated oncogenic mutant 

detection using nanoelectrokinetic selective preconcentration 

Section 3.1 described a conventional EMSA test of detecting oncogenic mutant, 

being reasonably capable of on/off decision. In this section, the same materials were 

utilized, but the detection would be performed in micro/nanofluidic platform using 

non-equilibrium nanoelectrokinetic selective preconcentration mechanism. The 

exchange of protons with other cations occurs in the vicinity of Nafion membrane[99, 

100]. However, the exchanged protons rapidly swept away to the Vlow side along 

with electroosmotic flow and, thus, the pH decreases predominantly on the Vlow side 

only. Therefore, pH on VHIGH side where targets were preconcentrated would not be 

significantly changed, meaning no pH effect on DNA charge. Accordingly, the ion 

exchange process on Nafion membrane does not affect to the preconcentration 

behavior of target species. 

In Figure A.3(a), FAM dye-labeled free DNA (EGFRM) concentrating experiment 

was conducted as a control experiment. Since the absence of mCherry-labeled dCas9, 

preconcentration plug was observed only in the green filter. Meanwhile, mCherry-

labeled RNA-dCas9 sample concentrating experiment, as the second control 

experiment, was shown in Figure A.3(b). In this case, since FAM dye-labeled DNA 

was not contained in the sample, preconcentration plug was observed only in the red 

filter. Figure A.3(c) showed the experimental result of preconcentrating a mixture of 

RNP and EGFRM. Since RNP was designed to specifically bind to the EGFRM, RNP 

was able to bind to EGFRM DNA and, thus, the mobility of EGFRM with RNP was 

lower than EGFRM without RNP. This change leads to two green preconcentration 

plugs (fast “leading plug” and slow “following plug”) under green filter (the third 
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row) and one red preconcentration plug under red filter (the forth row). Specifically 

note that the position of red plug was the same with the one of the green plug of 

RNP-DNA complex. The preconcentration plug of unbounded DNA was formed at 

a preceding position of the RNP red plug. Therefore, two green plugs would give 

“positive” result of SBS. On the other hand, Figure A.3 (d) showed the experimental 

result of preconcentrating a mixture of RNP and EGFRWT. Because RNP and 

EGFRWT would not bind, their mobilities were maintained so that it leads to one 

green preconcentration plug and one red preconcentration plug, being judged as 

“negative” result for SBS. Note that we repeated all of experiments presented in this 

work at least ten times and selected one among them for the technical presentation 

so that we can guarantee high reproducibility. 

Through the above experiments, it was confirmed that dCas9-mediated oncogenic 

mutant detection by nanoelectrokinetic selective preconcentration can be useful for 

identifying SBS. However, for further utility, it is necessary more cross-check for 

samples containing other oncogenic mutations of various cancers.  
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Figure A.3. Fluorescence results of (a) free DNA, (b) RNP, (c) RNP with EGFRM 

and (d) RNP with EGFRWT using nanoelectrokinetic selective preconcentration. It 
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was confirmed that RNP could be combined only with EGFRM to detect SBS in the 

micro/nanofluidic platform. 
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A.3.3. Sensitivity tests out of heterologous sample using 

nanoelectrokinetic selective preconcentration 

In an actual clinical environment, the fragment including the target mutation 

sequence is infinitesimal compared to the total amount of human chromosome[101-

104]. It is known that DNA molecules are generally fragmented into 100 to 150 bp 

when artificial sequencing is conducted using blood plasma of real sample [105]. 

Among them, only a small amount of DNA is containing oncogenic mutations. 

Currently, the limit-of-detection (LOD) of target DNA in whole mixture is 0.1%[106] 

since the quantity below 0.1% can be regarded as an unavoidable error. Considering 

this, a specificity test should be conducted with EGFRM DNA as low as when the 

ratio of the target was lowered down to 0.1%. For this, we prepared heterologous 

mixtures of EGFRM DNA and JAK2WT DNA. To verify that RNP is capable of 

binding a target sequence of such low concentration from the heterologous mixture, 

dCas9-mediated oncogenic mutant detection tests were conducted with various ratio 

of DNA mixtures (i.e. FAM dye-labeled EGFRM DNA : non-FAM dye-labeled 

JAK2WT DNA = 50:50, 10:90, 5:95, 1:99 and 0.1:99.9). At this time, the total number 

of moles of entire DNA participating in the reaction was kept to be maintained as the 

previous section (i.e. 9.72 nM for all mixtures).  

First, an experiment was conducted to see whether target sequence could be 

detected in a state of being mixed at a half-and-half ratio. The heterologous sample 

of EGFRM and JAK2WT mixture in a ratio of 50:50 (ctarget = 4.86 nM, coff = 4.86 nM 

and ctotal = 9.72 nM) was prepared and injected into the main channel. External 

voltages of 40 V (VHIGH) and 5 V (VLOW) were applied, while the buffer channel was 

electrically grounded as shown in Figure A.4 (a). The value of voltages used for the 
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preconcentration referred from our previous studies[90]. As shown, two 

preconcentration plugs were distinctively observed in the green filter after 1 minute, 

and it was confirmed that the position of the following plug (indicated in orange 

arrow) and the position of the RNP preconcentration plug in the red filter were the 

same at t = 120 sec. In the line profile of fluorescent intensity plot, it was clearly 

showed that a leading plug and a following plug were successfully separated. While 

we have previously reported that these plugs could be categorized as “stacking plug” 

and “propagating plug” meaning that following plug was stuck near the membrane, 

here we can judge the successful detection by discriminating two propagating plugs 

with different receding velocity (i.e. velocity toward VHIGH side).  

In order to check whether the detection is feasible up to conventional LOD, the 

same experiments were conducted with gradually lowered ratio of target DNA. In 

each experiment, the mixing ratio of the EGFRM and the JAK2WT was 10:90 (ctarget = 

0.97 nM, coff = 8.75 nM, Figure A.4 (b)), 5:95 (ctarget = 0.49 nM, coff = 9.23 nM, Figure 

A.4 (c)), 1:99 (ctarget = 0.097 nM, coff = 9.62 nM, Figure A.4 (d)), and 0.1:99.9 (ctarget 

= 0.0097 nM, coff = 9.72 nM, Figure A.4 (e)). Since the fluorescence signal of DNA- 

RNP complex preconcentration plug was too weak when the concentration of target 

DNA was less than 1 nM, 70 V (VHIGH) was applied at the system. VLOW was kept to 

be 5 V. As the applied voltage increases, one can achieve fast preconcentration so 

that one is able to detect target efficiently. A number of test patterns were analyzed 

and got a conclusion that the voltage between 40 V to 70 V is ideal for the detection. 

The preconcentration was too low below 40 V and the preconcentration plug burst 

over 70 V.  Similar with the case of 50:50 ratio, the position of the following 

preconcentrated plug in the green filter matched the position of the preconcentration 
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plug in the red filter. All of the preconcentration plugs observed at the green filter 

were marked with arrow (green arrow at the free DNA plug, yellow arrow at the 

DNA- RNP complex plug). As a result of image analysis in each experiment, it was 

confirmed that two preconcentration plugs were formed in the green filter (the 

bottom of Figure A.4). Videos of the preconcentration process can be found in the 

supplementary, and the formation of two separated plugs at 0.1 % mixture was better 

to be observed in the video. This demonstrated that the nanoelectrokinetic selective 

preconcentration mechanism was reasonably working with the heterologous sample 

at the target concentration down to 0.1 %, which has been regarded as the lowest 

LOD of conventional method. On the other hand, a sample mixture with similar 

family should be tested as in the following section for further utility of the 

mechanism. 
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Figure A.4. Experimental results on whether EGFRM can be detected in 

heterologous samples. The ratio of target EGFRM and off-target JAK2WT was mixed 
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as (a) 50:50, (b) 10:90, (c) 5:95, (d) 1:99 and (e) 0.1:99.9. In the case of (a), the 

applied voltage was 5 V for VLOW and 40V for VHIGH. In the all cases except (a), the 

applied voltage were 5 V for VLOW and 70V for VHIGH. 
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A.3.4. Sensitivity tests out of homologous sample using 

nanoelectrokinetic selective preconcentration 

The following works were conducted to verify that the RNP specific binding 

technology is applicable for a practical mixture of homologous DNA. When EGFR 

is mutated, only one base pair is changed to form a PAM (NGG) sequence[107, 108], 

which specifically lures RNP to EGFRM. Thus, we need to test whether RNP can 

accurately distinguish only 1bp difference or not, i.e. EGFRM and EGFRWT. While 

JAK2WT of section 3.3 has completely different sequence from EGFRM, EGFRWT 

and EGFRM of the homologous mixture in this section have only 1 bp difference. 

The number of moles of total DNA was also kept to be 9.72 nM as previous 

experiments, and target EGFRM was labeled with FAM dye while off-target EGFRWT 

was not labeled. The ratio of target EGFRM and off-target EGFRWT was mixed as 

5:95 (ctarget = 0.49 nM, coff = 9.23 nM, Figure A.5 (a)), 1:99 (ctarget = 0.097 nM, coff = 

9.62 nM, Figure A.5 (b)), and 0.1:99.9 (ctarget = 0.0097 nM, coff = 9.72 nM, Figure 

A.5 (c)). In the tests, only low concentrations of target in mixture were considered 

unlike heterologous samples, since mutant DNA presents only at low concentration 

compared to the normal DNA in conventional diagnostic samples. When external 

voltages of 70 V (VHIGH) and 5 V (VLOW) were applied over the system, a leading 

preconcentration plug and a following preconcentration plug were observed in the 

green filter in all experiments. And again, the position of the following plug 

coincided with that of plug observed in the red filter. The coincidence points out that 

target EGFRM DNA is bound to RNP and, importantly, it was observed even at the 

0.1% concentration of target EGFRM. Furthermore, we can observe that two green 

plugs are continuously propagating and being separated when comparing the 

positions of plugs at t = 30 sec and t = 60 sec. The distinct and continuous separation 
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of two green plugs was clearly shown even with background signal around two plugs 

appeared in all samples. Videos of these preconcentration and separation processes 

of EGFRM and EGFRWT samples can be found in the supplementary.  

Conclusively, from the distinct separation of two green plugs and the accurate 

position coincidence of the following green plug and red plug in the mixture of target 

EGFRM and off-target EGFRWT, it was verified that RNP specific binding technology 

was able to distinguish SBS. Moreover, compared to an erroneous and time-

consuming PCR, the nanoelectrokinetic selective preconcentration mechanism by 

ICP successfully satisfied the high demands for LOD in the diagnostic field within 1 

minute, which can be regarded as fast detection time. 
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Figure A.5. Experimental results on whether EGFRM can be detected in 

homologous samples. The ratio of target EGFRM and off-target EGFRWT was mixed 

as (a) 5:95, (b) 1:99 and (c) 0.1:99.9. In all cases, two green plugs were observed in 

1 minute. 
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A.4. Conclusion 

For accurate early diagnosis within a short time with the molecular diagnosis, I 

proposed a PCR-free nanoelectrokinetic method using ICP because the PCR-based 

diagnostic procedures have disadvantages of cost, time-consumption and 

concurrently amplified errors. Here, I distinguished the target DNA from 

heterologous and homologous mixtures on a microchip without PCR in a short time. 

One line of fluorescence appeared in the green filter when only EGFRWT was present 

in the sample, while two lines of fluorescence were confirmed within 1 minute even 

when EGFRM was included as low as 0.1% in the heterologous sample. Moreover, 

two green plugs were detected even at the EGFRM concentration of 0.1% in the case 

of the homologous samples with only 1 bp difference, meaning the successful 

detection of SBS. Through this research, the non-invasive method that can diagnose 

within 1 minute without PCR was successfully demonstrated, and we expect that it 

will serve as a platform for the early diagnosis of various oncogenic DNA. 
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Abstract in Korean 

 나노 채널이 있는 전기 수력학 시스템은 이온농도분극현상(ICP)를 

이용하여 이온을 제거할 수도 있고, 농축할 수도 있어서 다양하게 

연구되고 있다. 하지만 ICP 현상은 마이크로/나노 채널에서는 

안정적이지만 대용량화 시 불안정 하다는 점과 수처리 용량의 한계 등의 

문제점으로 실제 시료의 정제 및 농축의 연구에는 제한적 이였다. 

따라서 본 논문에서는 전기 수력학적 원리를 이용하여 실제 시료의 정제 

및 농축을 진행하는 연구를 진행하였다. 

 먼저 실제 시료의 정제와 관련하여 휴대용 복막 투석액 재사용 

장치에 관한 연구를 진행하였다. 기존의 복막 투석은 일정 시간 후 

복강의 복막투석액을 환자 스스로 깨끗한 투석액으로 교체 해 주어야 

한다. 따라서 복막투석액을 정제하여 환자가 스스로 교체 할 필요가 

없는 휴대용 복막 투석액 재사용 장치를 고안하였다. 기존의 PMDS 

기반의 마이크로/나노 시스템 장치가 갖는 용량적 한계를 개선하기 

위하여 3D_printer 를 기반으로 한 대용량(~10 ml/min) 정제 장치를 

디자인 및 최적화 하였다. 동물실험을 통하여 복막투석액의 정제 성능 

및 혈액 속 노폐물의 농도 감소를 확인하여, 실제 환자에게 

적용가능성을 확인하였다. 

 다음으로는 동시에 정제 및 농축이 가능한 대용량 2 분지 ICP 

플랫폼을 개발하였다. 앞선 연구에서는 1 분지 장치를 통하여 정제를 

진행하였지만, 본 연구에서는 정제 및 농축이 동시에 가능한 2 분지 

장치를 3D_printer 를 이용하여 대용량화 하였다. 또한 안정적인 ICP 를 

유지하기 위한 장치 디자인 및 실험 방법의 최적화를 진행하여 정제 및 

농축이 동시에 이루어지는 것을 확인하였다. 뿐만 아니라 전하를 띈 



 

 ９３ 

입자(Endosome)을 분리하는 플랫폼으로도 사용 가능함을 확인하였다. 

따라서 다양한 실제 샘플을 정제 및 농축하는 플랫폼으로 활용될 수 

있을 것으로 기대된다. 

 

주요어: 이온 선택성, 이온농도분극 현상(ICP), 3D_printer 를 이용한 

대용량화, 휴대용 복막 투석액 정제 장치, 대용량 2 분지 ICP 플랫폼 

학번: 2017-20334 
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