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A multilayer micro/nanofluidic device was presented for the selective 

preconcentration and online collection of charged molecules with different 

physicochemical properties based on ion concentration polarization phenomena 

(ICP). With a balance of electroosmotic drag force and electrophoretic force on the 

molecules, a sample mixture of sulforhodamine B and Alexa Fluor 488 could be 

highly preconcentrated and separated simultaneously. A repeated microchamber 

structure was employed to capture each dye at a desirable position. For subsequent 

on-chip or off-chip application, pneumatic microvalves were integrated and 

selectively collected the target dyes with cyclic valve operations. Using the 

integrated system, Alexa Fluor 488 was solely collected (with a separation resolution 

of 1.75) out of the mixture at a 30-fold preconcentration ratio. Furthermore, 
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investigating the mechanism of preconcentration under ICP revealed that molecular 

interactions affected the location of preconcentrated plugs for satisfying local 

electroneutrality depending on their mobility. This integrated device would be a key 

component for lab on a chip applications. 
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Chapter 1 

 

Introduction 

 

 

Recently, the micro Total Analysis System (mTAS) has been tremendously 

researched in the fields of analytical chemistry, diagnosis, environmental and nuclear 

engineering.13 The major components in such systems are a separator for multi-

component analytes, a preconcentrator for the detection of low abundant molecules, 

and a sample collector for post processing. These on-chip preconcentration methods 

have been developed in order to detecting low-abundant analytes, particularly those 

in bio-samples. Although off-chip sample can solve this this problem prior to 

analysis, the amount of sample loss and contamination in sample cannot be ignored. 

Furthermore, the additional preparation steps before analysis are often labor-

intensive and time-consuming. In this light, many on-chip sample preconcentration 

techniques based on different working principles for improving the detection 

sensitivity have been introduced and implemented in microchips for achieving the 

goals of automation, enhancement in analytical efficiency, and reductions in sample 

loss and contamination.14  

A number of researches have been performed on preconcentration or separation of 

molecules using capillary electrophoresis,1 microfluidic field-amplified sample 

stacking,9 isoelectric focusing,10 and isotachophoresis2 as shown in Figure 1.1 and 
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Figure 1.1 (A) Capillary electrophoresis chip design1 and (B) Schematic of on-

chip Field-amplified sample stacking in the absence of Electroosmotic force. 

Gray shading is used to show conductivity field, with lighter shading 

corresponding to low-conductivity buffer.9. 



 

3 

 

Figure 1.2.2 In practical processes, these methods have several difficulties; (1) these 

methods require the additional extraction system of preconcentrated and separated 

molecules because they employ free flow concept (i.e. the target compounds are 

migrating and concentrating simultaneously along the specific path where the 

background fluid is flowing.), limiting subsequent processes. (2) Alternating 

injection of samples that should be isolated one another causes considerable cross 

contaminations. (3) While the reliability of detection level is enhanced by increasing 

the concentration of samples, intricate channel geometries or specific chemicals are 

often demanded for an experimental setting. (4) Even after successful separation and 

preconcentration, online detection followed by these operations can still cause an 

inevitable dispersion. These problems tend to increase complexity of operations or 

produce false negative and false positive, resulting in unfeasible on-chip processes. 

Therefore, a new design with simple structure and easy fabrication is demanded for 

performing fast and accurate separation and preconcentration. Furthermore, a 

connection to conventional off-chip analysis systems or an integration with on-chip 

analysis parts is expected for the ideal platform of mTAS. 

As a method to preconcentrate analytes, nanoscale electrokinetic phenomenon 

caused by the selective transportation of counter-ions in the electrolyte near a 

nanoporous membrane, called ion concentration polarization (ICP), has been 

suggested and the preconcentration factor reached up to million-fold.15 The target 

analytes are concentrated at pinned position, while background fluid is still flowing 

in ICP operation. Recently, simultaneous separation and preconcentration (or 

selective preconcentration) was successfully performed using ICP, demonstrating 

the separation of phosphorylated and unphosphorylated substrates11 or tagged and 

untagged DNA molecules as shown in Figure 1.3.5 It indirectly proved that one can 

utilize the ICP concept not only to preconcentrate low abundant molecules but also 

to separate molecules depending on different physicochemical properties. However, 

these ICP demonstrations still have several limitations. (1) First of all, the  
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Figure 1.2 (A) Schematic of isotachophoresis and capillary electrophoresis assay 

protocol.2 (B) Free-flow zone electrophoresis of fluorescein and rhodamine B. 

Potential was not applied in a) and 250 V cm-1 across the separation area.10 
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Figure 1.3 (A) Fluorescence snapshots of DNA versus time. The fluorescence 

intensity increases with time, indicating concentration of the DNA sample. The 

exclusion zone moves away from the Nafion film interface (shown in dashed 

white lines) due to the dynamic equilibration process of ICP.5 (B) The 

phosphorylated substrates and the unphosphorylated substrates are 

simultaneously preconcentrated and separated.11 
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identification of the location where reactions occur becomes labor-intensive and 

time-consuming tasks since the location of preconcentrated sample plug keeps 

uncontrollably fluctuating by the strong instability of electrokinetic flow inside ICP 

layer.7, 16 (2) The extraction of the preconcentrated analytes for post processing 

without irresistible dispersion still has not been accomplished. Turning off an applied 

electric field let the highly preconcentrated plugs disperse quickly since there is a 

huge concentration gradient at the boundary. To resolve this problem, an integration 

with two-phase droplet generator8 or pre-binding on-site reaction12 were reported as 

in Figure 1.4, but an additional recovery processes is needed or aggressive washing 

steps should be excluded, respectively. These factors significantly hinder the 

commercialization of further engineering developments. 

To evolve ICP concept as a practical tool to selectively preconcentrate charged 

molecules, the integral mechanism is unprecedentedly required of (1) the stable 

formation of the highly preconcentrated single analyte and (2) on-demand extraction 

to external systems without undesirable dispersion. In this work, by designing 

narrow channels between repeated microchambers, the fluidic instability due to 

amplified electric field inside ICP was able to be suppressed. Limiting the ever-

expanding ICP zone by microstructures17 or by external hydrodynamic flow 

injection18 have been reported to restrict the hydrodynamic instability and the role of 

vortices near the membrane.19 These narrow microchannels between repeated 

microchambers presented in this work are expected to perform in the same manner. 

Subsequently, pneumatic microvalve system20 was employed to isolate the highly 

concentrated sample from the original sample mixture without further dispersion, 

and also to collect sample plugs so that they can be further used in conventional 

analytical systems in either on-chip or off- chip formats.  
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Figure 1.4 (A) Schematic representation of the integrated nanofluidic 

biomolecule concentrator and microfluidic droplet generator chip. The enzyme 

molecules were accumulated by a concentrator into a plug that was mixed with 

the substrate and then encapsulated into monodisperse microdroplets for time-

dependent observation. The reaction to turn over the fluorogenic substrate was 

monitored as a function of time in the droplets.8 (B) Immunosensing using 

preconcentration under ion concentration polarization procedure. One can locally 

increase the sample concentration and facilitate the binding kinetics and the 

sensitivity without changing the binding pair or detection system.12 
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Chapter 2 

 

Theoretical background 

 

 

2.1 Characteristics of ICP phenomenon 

When it comes to permselective system in ion concentration polarization 

phenomenon, micro-nano hybrid platform is considered as shown in Figure 2.1(A). 

In the platform, two microchannels are connected only with nanojunction which 

operates as a permselective membrane. In this work, only cation-selective membrane 

is discussed below under microchannel surface with negative zeta potential.  

A nanochannel thinner than O(100) nm has permselectivity since in that scale the 

thickness of Debye layer should be non-negligible and the layer even can be 

overlapped.21 As shown in Figure 2.1(B), only cations pass through cation-selective 

membrane towards cathodic side while anions cannot under electric field. Due to 

this preferential cation transport through the nanoporous membrane, ion 

concentration decreased in anodic side, which is called ion depletion zone, and ion 

concentration increased in cathodic side, which is called ion enrichment zone. The 

phenomenon of concentration polarization in either sides of permselective media is 

called as ion concentration polarization (ICP).6, 15 Kim et al. observed this 

phenomenon of nonlinear characteristics in current according to the applied voltage  
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Figure 2.1 (A) Schematic configuration of micro-nano hybrid device for ion 

concentration polarization phenomenon and (B) Schematic diagram of ion 

concentration distribution near cation-selective membrane. 
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as shown in Figure 2.2(A) and (B). As applied voltage increases, there exists three 

regimes: ohmic regime in low current followed by limiting regime of a plateau with 

much lower slop, and overlimiting regime where the slop of current increased again 

but still lower than that of ohmic regime.6 

The depletion zone, which is unique region adjacent to permselective membrane, 

has three distinctive properties: low ion concentrations,3, 22 strengthened electric field 

intensity,4 and strong vortices6, 15, 22a adjacent to the nanoporous membrane. As the 

cation selective membrane is impermeable for anions, only cations are permitted to 

pass through the membrane when voltage is applied. Locally broken electroneutrality 

in anodic side of the membrane lets anions repulse each other, forming depletion 

zone with ion concentration even below one hundredth of bulk concentration.3, 23 

Due to depletion of ions as charge carriers, electrical conductivity in ion depletion 

zone becomes very small. Since current density should be uniform through the 

longitudinal direction along the microchannel, the magnitude of electric field 

happens to become extremely amplified. This was experimentally confirmed as 

denoted in Figure 2.3.4 In addition, strong and fast vortices are generated in depletion 

zone near the membrane.15 Rubinstein et al. theoretically suggested nonequilibrium 

electro-osmotic slip, at a flat permselective membrane, proportional to the square of 

electric field.22a This relationship denotes the formation of vortices is nonlinear 

phenomenon. Figure 2.4(A) shows the velocity of the vortices which is at least O(10) 

times faster than that of primary electroosmotic flow under the same electric 

potential. At steady state, Kim et al. observed fast vortices in each single and double 

gate device as shown in Figure 2.4(B).6  

 

2.2 Conventional models for ion concentration polarization 

As described in Figure 2.5(A),7 classical models based on Nernst-Planck equations 

considering ion transport only due to diffusion and electromigration predict the linear 

concentration profile inside the ion depletion zone.24  
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Figure 2.2 (A) The basic ion-enrichment and ion-depletion behavior and (B) 

characteristic curve of voltage against ionic current of a cation-exchange 

membrane, showing ohmic, limiting, and overlimiting regime6 
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Figure 2.3 In situ measurement of local electric field inside an outside the ion 

depletion zone using microelectrodes integrated along the microchannel.4 



 

13 

 

  

Figure 2.4 (A) The linear velocity and angular velocity of the vortex as a function 

of applied voltage. (B) Fast vortex at steady state in single gate device. (C) Four 

independent strong vortices in double gate device.6 
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Figure 2.5 Schematic diagrams of the concentration profile inside ICP layer and 

ohmic/limiting/overlimiting current behavior when (A) only diffusion and drift 

were considered, (b) electroconvection was added to (A) and (C) multiple 

vortices were formed (inducing step-wise discrete concentration distribution).7 
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Tracing the connection with the classical model, Rubinstein et al.3 developed a 

model expressing overlimiting current as in Figure 2.5(B) by considering the role of 

bulk charge. A steady current was considered to pass through an ideally 

permselective membrane immersed in a stirred solution of 1:1 valent electrolyte. 

They assumed there is an ‘unstirred’ layer of thickness  near the membrane, which 

does not depend on the magnitude of applied voltage V. Also, it was assumed that 

the ions within the unstirred layer are distributed by means of electrodiffusion only. 

Identifying the x-axis where x = 0 with the outer boundary of the ‘unstirred’ layer, 

governing equations and boundary conditions are as in the following.  

 4
 (2.1) 

 
0 (2.2) 

 0 (2.3) 

 | 0, 			 | |  (2.4) 

 | ,				 | , | 0  (2.5) 

where  is the electric potential, F is the Faraday constant,  is the dielectric 

permittivity, c+ and c- is the ion concentration of each ionic species, R is the gas 

constant, c0 is the bulk concentration, and N is the fixed charge concentration within 

the membrane. The Poisson equation is represented by equation (2.1). The Nernst-

Plank equations (2.2) and (2.3) describe the mass transport of charged species under 

consideration of the diffusion and the electromigration. Since they assumed an 

‘unstirred’ layer near the membrane, Stokes equations and continuity equation were 

not solved. Equation (2.4) represents the boundary condition of bulk reservoir and 

equation (2.5) represents the boundary condition near the cation selective membrane. 

Due to the equations, the effect of bulk charge of ICP layer could be described in 

the overlimiting regime. In their definition, parameter  is dimensionlessly defined 

by 
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 ε  (2.6) 

where D is the Debye length. In the Levich’s model,  is zero due to the assumption 

of local electroneutrality. With this zero value, ionic current becomes saturated to the 

limiting value as denoted in Figure 2.5(A). Considering the effect of bulk charge, 

ionic current could be increased beyond limiting current with different conductance 

comparing with ohmic regime as shown in Figure 2.6(A) and (B).  

 

2.3 Simple model for preconcentration based on force balance 

2.3.1 Preconcentration at the boundary of depletion zone 

It has been known that nanofluidic channels can support ion-selective ion currents. 

When an electric field is applied across the nanojunction, the electrical double layer 

began to be overlapped in each nanojunction, letting counterions migrate across the 

nanojunction. This results in decrease of ion concentrations at the anodic side, 

generating the ion depletion zone. The ion depletion near the nanoporous membrane 

will thicken the Debye layer, and thus, make the layer overlap more significantly in 

the nanofluidic channel. This enhances ion concentration polarization. Above a 

certain threshold value of electric field, the ion transport across the nanojunction 

enters a new, nonlinear regime. In this regime, the counterions are depleted from the 

nanofluidic channel, and the extended space charge layer is formed near the 

nanojunction in the anodic bulk side. Within this induced layer, electroneutrality is 

locally broken and co-ions or other charged molecules are rejected to pass the 

depletion zone.25 Meanwhile, electroosmotic flow generated by applying different 

voltage at each reservoir can extend the depletion zone to one side of the reservoir 

as shown in Figure 2.7(A). Due to electroosmotic flow, depletion zone is stretched 

to the reservoir with low voltage.  

Negatively charged molecules are preconcentrated at the boundary of the 

depletion zone. As denoted in Figure 2.7(B), each part of the solution in the  
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Figure 2.6 The effect of bulk charge.3 (A) Calculated voltage against current 

curves for different values of parameter e where iL is each limiting current. The 

zero value of e corresponds to the classical theory. (B) Calculated ion 

concentration profiles at different voltages V for e = 10-4. Solid lines represents 

cation concentration at dimensionless voltage V while dashed lines do anion 

concentration. 
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Figure 2.7 (A) Preconcentration at the boundary of depletion zone and (B) 

schematic of microchannel and nanojuction represented by resistors, where I 

denotes current, c denotes ion concentration, σ denotes conductance, and E 

denotes electric field. 
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microchannel and nanojunction can be interpreted as a connected resistor. Since 

current along the vicinity of the boundary of depletion zone should be uniform in a 

microchannel, different value of conductance leads different magnitude of electric 

field. Conductance is low on the depletion side of the boundary due to low 

concentration of electrolytes, and high on the other side of the boundary due to high 

concentration of electrolytes as that in the bulk side. This results in relatively higher 

magnitude of electric field in the depletion side of the boundary than that in the other 

side of the boundary. As far as negatively charged molecules are concerned, this 

electric barrier makes them preconcentrated at the vicinity of the boundary.  

 

2.3.2 Strategies for selective preconcentration and online collection 

In an environment with low Reynolds number, the flow in the microchannel is 

described as Stokes flow where inertia is ignored. Charged molecules in the 

microchannel are influenced by two different forces: electroosmotic force and 

electrophoretic force. Since the molecules are in the Stokes flow, electroosmotic 

force is equal to Stokes drag force, 6uEOR, where  is the dynamic viscosity, uEO 

is the electroosmotic velocity of bulk which is independent from molecule's 

properties, and R is the radius of the spherical object. Therefore, the electroosmotic 

force does not dominantly affect the separation of the preconcentrated molecules 

since the size of the molecules in this work is similar (~1 nm). On the other hand, 

electrophoretic force by electrostatic drift exerted on the molecules can be expressed 

as qE where q is a net electric charge and E is an electric field. Corresponding to the 

electrophoretic force, another drag force is formed with the magnitude of 6uEPHR 

where uEPH is the electrophoretic velocity, in the opposite direction of the 

electrophoretic force. Since the electrophoretic drag force and electrophoretic force 

by electrostatic drift should be the same, electrophoretic velocity, uEPH, is 

proportional to the net electric charge and electric field. Considering the electric field 

is almost the same along the area where molecules are preconcentrated, electric 
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charge places a key role in the separation of the molecules. As denoted in Figure 2.8, 

two different kinds of molecules have different equilibrium points due to their 

electrophoretic mobility. The molecules with higher electrophoretic mobility are 

preconcentrated towards the reservoir with high voltage while the preconcentrated 

molecules with low mobility stay near the nanojunction.   

Figure 2.8 Schematic diagram of selective preconcentration mechanism with 

different mobility. The separation was drawn by the equilibrium between 

electroosmotic drag force and electrophoretic force exerted on molecules. 
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Chapter 3 

 

Selective preconcentration with micro 

pneumatic valve system 

 

 

3.1 Experimental setup 

3.1.1 Strategies for selective preconcentration and online collection 

In this work, repeated microchamber structures have been employed, since (1) 

they can suppress unexpected expansion of the ion depletion zone and vortices, (2) 

the electric field varies strong/weak repeatedly for easy trapping and (3) they can cut 

the tail of preconcentrated plugs for clear visualization. Both experimental and 

numerical analysis for supporting this structure are as following. 

We analyzed the preconcentration behavior for various microchannel geometries. 

As shown in Figure 3.1(A), molecules were highly preconcentrated near the 

boundary of the ion depletion zone in a straight channel, while the preconcentrated 

plug kept propagating toward the reservoir along the boundary of the depletion zone. 

Because of the following extraction system, pinning the location of plugs was critical 

issue in our system and we had tried to resolve this by manipulating the strength of 

electrical field using various microchannel geometries such as funnel and narrow  
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Figure 3.1 Preconcentration operation in (A) straight microchannel, (B) funnel 

microchannel and (C) narrow microchannel. 
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shape. In a funnel channel, a preconcentrated plug was arrested at the boundary of 

the depletion zone which stopped expanding at the site where the channel starts to 

diverge. However, the second preconcentrated plug dispersed significantly as shown 

in Figure 3.1(B).  

In order to obtain steeper gradient an electric field,26 a narrow structure was 

designed as shown in Figure 3.1(C). It was found that a narrow channel close to the 

nanojunction curbed the ever-expanding depletion zone, i.e. stabilizing (or pinning) 

the depletion zone. Therefore the preconcentrated plug, which moved along the 

expanding depletion zone otherwise, pinned at each balanced site since the depletion 

zone was confined. Also, repeating narrow and wide channels impeded the 

dispersion and diffusion of the preconcentrated plug. To be specific, the difference 

of electric field in a narrow and a wide channel engendered the difference of velocity 

in each channel, which facilitated the efficiency of separation.  

Therefore the repeated chamber structure is supposed to have superior 

performance in terms of stability, cutting off tails out of Gaussian distributed plugs 

and helping extraction strategy. Following theoretical analysis showed that the 

electrical field formed at narrow section was significantly amplified so that it can act 

as an energy barrier to distinguish dyes. In addition, the chamber structure can 

effectively prohibit the expanding depletion zone by restricting vortices in the 

chamber.  

For investigating the effect of repeated chamber structures, numerical simulations 

were conducted by COMSOL Multiphysics 4.4 as a commercial FEM (finite element 

method) tool. Because the ICP layer is highly nonlinear region, it is difficult to ensure 

the convergence and the stability of numerical solutions. To resolve the critical 

problem, the local electroneutrality (cation concentration is equal to anion 

concentration in whole domain) was adopted.22a Namely, thin double layer 

approximation and ideally cation-selective membrane were chosen to reduce the 

computational cost. Under the local electroneutrality constraint, independent 
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variables such as ion concentration (c), electric potential (), pressure (p), and flow 

fields (u) were governed by the diffusion-convection equation, the current 

conservation, the continuity equation, and the Stokes equations.22b ICP phenomena 

in a straight channel (4 mm in length and 150 m in height) and a repeated chamber 

structure (using same geometry of experiments) were analyzed by the governing 

equations. For the numerical stability, the voltage configurations at inlet and outlet 

were set to be 5 V and 3.3 V which were enough to generate the ICP phenomena 

inside the microchannels. The concentrations at inlet and outlet were fixed to the 

bulk concentration. The flow conditions at the boundaries were set to be a zero-flow 

rate due to pressure balance between two reservoirs.27 We assumed that the 

microchannel walls have uniform zeta potential of -100 mV of which value is usual 

condition on PDMS surface.28 

The simulation results were depicted in Figure 3.2. First of all, the repeated 

chamber structures are able to effectively confine the ion depletion zone (dark blue 

region) in comparison to the straight channel as shown in Figure 3.2(A). This means 

that the ICP layer in the repeated chamber would be stabilized because the flow 

instability generated by concentration fluctuation4 occurs only inside the first 

chamber where nanojunction was installed. This is helpful to obtain the stable 

preconcentrated plug after the first chamber. As depicted in Figure 3.2(B), the 

strength of electric field was changed monotonically in the longitudinal direction of 

the straight channel while the strength was altered pseudo-periodically for the 

repeated chambers. Electric potentials obtained from the electrical field strength 

were schematically illustrated in Figure 3.2(D). While monotonically increased 

electric potentials were observed in straight microchannel (red line), there was a 

(almost) plateau inside microchamber with steep changes in narrow regions (blue 

line). A charged species would be immobilized in this plateau region. Due to the 

pseudo-periodic electric field and the plateau of electric potential, the 

preconcentrated plug would be easily trapped in each chamber. Lastly, fast vortices 
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Figure 3.2 Numerically simulated ICP layer for (A) concentration distribution, 

(B) electrical field and (C) flow field. (D) Schematic illustration for electric 

potential near the microchamber. 
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were confined in the first chamber so that stable flow fields were generated beyond 

the chamber (Figure 3.2(C)). Thus, the alterations of ICP layer by the repeated 

chambers would provide effective mechanisms for a stable selective 

preconcentration. 

 

3.1.2 Preparation of PDMS microchips 

Figure 3.3(A) showed the microscopic image of the multilayered selective 

preconcentration device with pneumatic valve system. We implemented 

microchamber structures repeatedly to suppress fluidic instability and differentiate 

the flow velocity within a single channel. Buffer channel was connected to the main 

channel with a perm-selective Nafion membrane. The depth of all microchannels 

was fixed to 15 m and three microchambers (150 m X 150 m) were connected 

by 15 m X 225 m microchannel as shown in Figure 3.3(A). At the right most 

microchamber, a microchamber with the same size was upwardly connected to 

collect isolated preconcentration plugs. There were fundamental and practical 

reasons to set the narrow height as 15 m. In current design, the microchamber 

structure has the repeated height of 150 m (wide height) and 15 m (narrow height) 

in order to keep 10 : 1 ratio. The numerical simulation taught us that 10 : 1 was 

enough to focus the electric field and keep the position of the plug. Here, the wide 

height over 150 m would give disperse preconcentrated plug so that we set the 

maximum wide height as 150 m. The practical reason was that a mask resolution 

under 15 　m cost 5 times more expensive than the mask resolution over 15 m, 

leading to a hurdle for commercialization. By both reasons, we kept 150 m : 15 m 

in current design. A rib-shaped channel was also subsequently connected to be used 

as a measurement window. Microvalves (the width and height were 290 m each) 

were designed to cover 4 locations as indicated with red ink in Figure 3.3(A). Note 

that each microchamber could have its own collection channel depending on the  
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Figure 3.3 (A) Microscopic view of the selective preconcentration device. The 

microchannels in the ICP layer were indicated with blue and the microchannels 

in the valve layer were indicated red. (B) An exploded view of the device with (i) 

a valve layer, (ii) an ICP layer and (iii) a Nafion patterned slide glass. (C) 

Assembled multilayered online selective preconcentration device. 
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location where target analytes were preconcentrated. However, in this work, we 

designed the device with only one collection channel to show the possibility of 

achieving the collection of selectively preconcentrated dyes. If one would like to 

collect dyes from different microchambers, one could install additional collection 

channels to the microchamber. 

The first layer as shown in Figure 3.3(B)-(ii) is an ICP layer where selective 

preconcentration occurred. This thin layer is followed by valve layer as shown in 

Figure 3.3(B)-(ii) which blocks the ICP layer pneumatically. The thickness of the 

layer between an ICP channel and a valve channel is 10um and it is thin and elastic 

enough to block the ICP layer when air comes in. Fabrication methods were 

described as follows. A 4-inch wafer was spun to coat 15 m layer of SU-8 2015 

photoresist (MicroChem. Inc, USA) at 500 rpm of 10 seconds (pre-spinning) and at 

3250 rpm for 30 seconds (spinning). After 3 minutes of soft bake at 95 ˚C, the layer 

was exposed two times to ultraviolet (UV) of 365 nm wavelength for 23.3 seconds 

(400 mW) using a mask aligner. Post bake was for 4 minutes at 95 ˚C, then was 

soaked in isopropyl alcohol (IPA) for 3 minutes. For easy detachment of the PDMS 

device, trichloro(1,1,2,2- perfluorooctyl)silane was applied to the master wafer with 

a vacuum assisted deposition desiccator. PDMS base and curing agent (Sylgard 184 

Silicone elastomer kit, Dow Corning, USA) were mixed at 10 : 1 ratio and desiccated 

in a vacuum pump for 1 hour to remove air bubbles. The mixed solution was poured 

onto the master and cured in room temperature overnight for the valve layer (Figure 

3.3(B)-(i)), preventing alignment error due to thermal shrinkage. For the ICP layer, 

the mixed solution was poured onto the patterned 4-inch wafer and spun at 1500 rpm 

for 300 seconds (JSP4A, JD Tech, Korea) to coat 25 m PDMS layer (Figure 3.3(B)-

(ii)). Then, the coated wafer was placed on a hot plate for 30 minutes at 95 ˚C. The 

PDMS replicas were peeled off from the master and the inlet and outlet holes were 

punched out. A polymeric nanoporous material, Nafion (20 wt% resin, Sigma 

Aldrich, USA), was used for the nanojunction between the microchannels. A single 
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strip of Nafion (100 m wide and 1 cm long) was patterned on a slide glass using a 

PDMS piece that has a single straight microchannel and was heated at 95 ˚C for 

evaporating solvent after removing the PDMS piece (Figure 3.3(B)-(iii)).18 Then, 

each layer was bonded to the Nafion patterned slide glass by oxygen plasma bonder 

(Femto Science, Korea) under an alignment through the stereo microscope (SZ61, 

Olympus, Japan) creating a multilayer device. Final assembled micro/nanofluidic 

device is shown in Figure 3.3(C).  

 

3.1.3 Materials and reagents 

Fluorescent dyes were used for observing preconcentration efficiently, which is 

Sulforhodamine B (Sigma Aldrich, USA), Alexa Fluor 488 (Invitrogen, USA), 

Alexa Fluor 532 (Invitrogen, USA), and CoroNa Green (Invitrogen, USA). Figure 

3.4 describes chemical structure of each molecule. As shown in Table 3.1, 

sulforhodamine B (SRB) has -1 net charge, and its color is orange color because its 

maximum absorption wavelength is 565 nm and its maximum emission wavelength 

is 586 nm. In the case of Alexa Fluor 488 (Alexa 488) and Alexa Fluor 532 (Alexa 

532), they have the same -2 net charge but each color is different since they have 

different absorption wavelength (~495 nm and ~532 nm for each) and emission 

wavelength (~519 nm and 554 nm for each). CoroNa Green has zero net charge and 

it absorbs light near 492 nm wavelength and emits cyan-green color light with 516 

nm wavelength. 

In the experiment of selective preconcentration and online collection, 5 mM KCl 

solution (Sigma Aldrich, USA) was used with addition of fluorescent dyes for a 

main channel solution. Their separation and preconcentration dynamics were able to 

be measured and identified with two different fluorescent colors of orange (SRB) 

and green (Alexa 488). The concentration of sulforhodamine B was 24.14 nM and 

that of Alexa 488 was 0.90 M. For a buffer channel solution, 100 mM KCl was 

used to minimize a voltage drop in the buffer channel. The ICP operation has been 
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Figure 3.4 Chemical structure of (A) Sulforhodamine B, (B) Alexa Fluor 488, 

(C) Alexa Fluor 532, and (D) CoroNa Green. 
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Dye Color
Absorb

[nm]
Emit
[nm]

Net
charge

Sulforhodamine B orange 565 586 -1

Alexa Flour 488 cyan-green 495 519 -2

Alexa Fluor 532 green 532 554 -1

CoroNa Green cyan-green 492 516 0

Table 3.1 Chemical and physical properties of Sulforhodamine B, Alexa Fluor 

488, Alexa Fluor 532, and CoroNa Green. 
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well performed in high salinity samples over 100 mM.23, 29 In this work, 5 mM KCl 

was chosen under assumption that the real sample could be post-processed such as 

removing large molecules and cells (dilution). In such case, the solution of 5 mM 

concentration would be a proper standard model. 

In the experiment of dynamics in preconcentration mechanism, 1 mM KCl 

solution was used for each main channel and buffer channel. The concentration of 

sulforhodamine B, Alexa 532, and CoroNa Green was 25 nM, 0.5 M, and 34 M 

for each.  

 

3.1.4 System operation method 

Chemical samples were loaded into the main and buffer microchannel by applying 

positive pressure from each inlet reservoir. Ag/AgCl electrodes were inserted into 

the inlet and buffer reservoirs on the device and connected to a power supply 

(Keithley 6517 and Keithley 238, Keithley Instruments, USA). For applying the 

electric field, an independent voltage control was required on each of the four 

reservoirs. For the continuation on separation and preconcentration, 60 V and 90 V 

were applied to the left and the right reservoir of the main channel, respectively, 

while the reservoir of the buffer channel was grounded. The motions of fluorescent 

dyes were tracked by an inverted fluorescence microscope (IX53, Olympus, Japan) 

and recorded by CellSens (Olympus, Japan) computer program. 

A compressor (Gfrog, Stylex, Korea) as a pressure source was connected to 4 mini 

solenoid valves (SY 3120, SMC pneumatic, Korea) and a polystyrene tube connected 

a solenoid valve and an inlet of valve layer in the PDMS device. Before the 

connection, DI water was filled into the microchannels of valve layer to reject air 

bubbles into the ICP layer. In order to manipulate the pneumatic microvalves 

automatically, a customized LabVIEW code (National Instrument, USA) and a DAQ 

board (USB-DAQ 6341, National Instrument, USA) were used. The valve operation 

consisted 3 steps as shown in Figure 3.5. Step 1 (ICP preconcentration): valve 1 was  
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Figure 3.5 Microscopic images of 3-step valve control sequence: Step1 - ICP 

preconcentration to form a highly concentration plug, Step 2 - isolation of a 

highly preconcentrated plug at specific microchamber, and Step 3 - collection of 

the highly preconcentrated plug into upward channel. 



 

34 

 

closed when selective preconcentration was in process. Step 2 (isolation): when the 

targeted preconcentration plug reached the microchamber which was connected to 

the side channel, valve 1 was opened and valve 2 and 4 were closed to isolate the 

sample plug from the main channel. Step 3 (collection): then, by closing valve 1 and 

3 while valve 2 and 4 were still closed, the isolated plug was squeezed into the 

measurement window. Fluorescent dyes diffused into a larger area and the 

fluorescence intensity was analyzed without being saturated. By leaving valve 1 

closed and others opened, the whole 3-step process cyclically repeated for further 

collections. One can control the duration of Step 1 to obtain a different 

preconcentration ratio. Three microchambers with valves were basic building blocks 

under our current system. If more than 2 analytes are needed to be preconcentrated 

and separated, the number of microchambers and valves could be added. To do this, 

the number of microchamber should be larger than the number of analyte. For a 

different kind of dyes rather than SRB and Alexa, one can tune the electric field to 

fill targeted microchamber at one's discretion. Here the three-microchamber system 

was enough for selective preconcentration of 2 dyes regardless of the types of dye. 

 

3.2. Experimental setup 

3.2.1 Demonstration of selective preconcentration 

Figure 3.6 demonstrated that two different dyes were simultaneously 

preconcentrated and separated over time. Without electric field along the 

nanojunction, no fluorescent dyes were observed in the channel because the initial 

concentrations of dyes were too low to be detected. As we applied 90 V for VHIGH 

and 60 V for VLOW on each end of the main channel with grounded buffer channel, 

ICP was triggered nearby the membrane. Micro air bubbles could be generated at 

the electrode surface with O(10) nA operation currents. Even with these relatively 

high applied voltages, most of electrical potential was dropped inside the ion 

depletion zone. In addition, because the electrodes were inserted at the reservoirs 
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Figure 3.6 Time-lapse images of selective preconcentration of SRB and Alexa 

488. High Concentration ratio was represented by the brightness of fluorescence. 

Since the physicochemical properties of two dyes were different, they were 

preconcentrated at different locations. 
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which located far from the nanojunction and the reservoirs were opened to ambient 

atmospheric pressure, the bubble at the electrode surface can float and disappear into 

the air so that the selective preconcentration operation was not interfered by the 

bubbles. As reported in previous researches,4 the ion depletion zone caused 

significant and dynamic perturbation in a local ion concentration and in an amplified 

electric field near the membrane along with the generation of strong electrokinetic 

flow. The high electric field gradient at the boundary of depletion zone rejected the 

penetration of charged molecules into the ion depletion zone so that both dyes 

stacked and detected at the boundary.15 At the beginning of selective 

preconcentration, both dyes were preconcentrated in the microchamber 1. After the 

ion depletion zone became stabilized over time, the preconcentrated plugs of two 

dyes with different mobility were separated with a separation resolution30 of 1.75. 

We have adopted the definition of the separation resolution as RS = (peak to peak 

distance)/(average width of bands) leading to RS of 1.75 (525 mm/((450 mm + 150 

mm)/2)). This number indicates a perfect separation (i.e. no overlap) in case of 

Gaussian distribution. While there has been no exhaustive theoretical analysis on this 

selective preconcentration process, the mechanism of selective preconcentration was 

empirically analyzed using force balance.11, 31 The force is mobility times particle 

velocity32 so that we would like to discuss the balance in terms of force rather than 

mobility, since the size of molecules (~1 nm) were similar. This separation was 

drawn by the equilibrium between an electroosmotic drag force and an 

electrophoretic force as described in Figure 5. 11 According to an experimental 

observation shown in Figure 3.6, Alexa 488 (green) moved toward the right reservoir, 

while SRB (orange) stayed near the depletion zone boundary. Since Fdrag is mainly 

determined by R which is almost the same for SRB and Alexa 488, the value of net 

charge played a key role in determining the equilibrium positions balanced by Fdrag 

and FEP. This argument was in line with the experimental result since the net charge 

of SRB and Alexa 488 is -1 and -2, respectively. 
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3.2.2 Stabilization of selective preconcentration 

While the phenomenon of different equilibrium positions of molecules with 

different mobility has been already reported in previous researches,11, 31 one strong 

plug and one smaller plug in parabolic shape were reported and the locations of 

preconcentrated plugs were always unpredictable due to the strong instability by 

local amplified electric field near the nanojunction,4 instead of stably generated plugs 

with high concentration. Therefore, it was important to control the positions of the 

concentrated sample plugs and to stabilize the ion depletion zone. In our system, the 

repeated narrow and wide channels were able to stabilize the depletion zone by 

restricting the expansion of vortices and strong electrokinetic flows in the ion 

depletion zone,17b-d, 19, 26 thereby forming a plug at desirable positions. The repeated 

microchamber structures were able to effectively confine the ion depletion zone in 

comparison to the straight channel. This meant that the ICP layer in the repeated 

chamber would be stabilized since the flow instability was generated by 

concentration fluctuation33 only inside the first chamber nearby nanojunction. Also, 

due to the pseudo-periodic electric field and the plateau of electric potential, the 

preconcentrated plug would be easily trapped in each chamber. Consequently the 

control of each accumulated molecules' location became simple and tailing effect 

was reduced. This alternating geometry also differentiated the velocity of the fluidic 

flow at the boundary between the narrow and the wide channel, and therefore, it 

increased the efficiency of separation and helped the membrane microvalve system 

for further blocking and squeezing of the analytes. 

 

3.2.3 Quantitative analysis for separation and preconcentration 

efficiency 

The selective preconcentration was quantitatively analyzed by measuring pixel 

intensity with fixed exposure time. The intensities of the original sample and 

reference solutions at different concentrations were compared to accurately measure 
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the preconcentration ratio, since the pixel intensity was not linearly proportional to 

the concentration of dyes. As shown in Figure 3.7, the average pixel intensities of 

dyes increased in each microchamber in order. The both dyes (Alexa 488 + SRB) 

were rapidly preconcentrated in the microchamber 1 from the initial to 10 minutes. 

From 10 minutes to 25 minutes, the green plug (Alexa 488) moved to the 

microchamber 2 while the intensities of the plugs simultaneously increased. This 

agreed with the microscopic image in Figure 3.6 that the orange plug (SRB) stayed 

in the microchamber 1, while the green plug (Alexa 488) moved to the microchamber 

2. After 25 minutes, the green plug (Alexa 488) moved to the microchamber 3, while 

the average pixel intensity of the microchamber 2 sharply diminished. In this point, 

the average pixel intensity of the microchamber 2 did not decrease to zero. This was 

because the orange plug (SRB) was saturated in the first microchamber so that it 

went on to the microchamber 2. In the microchamber 3, the average pixel intensity 

reached up to 98.2, which denoted that the green plug (Alexa 488) was 

preconcentrated above 100-fold since the average pixel intensities of 10X, 50X, and 

100X concentrations of Alexa Fluor 488 were 12.9, 58.9, and 95.3 respectively. 

After 30 minutes, the repeated microvalve operations were started, showing severe 

fluctuations and this part will be discussed later. In previous researches, the two 

separated plugs have been distinguished only by their positions since only one dye 

was tagged for two or more different kinds of molecules.11, 31 Compared to these 

works, RGB color profile was rigorously investigated to validate the separation of 

two molecules. Since the emission from SRB has both red and green color, it was 

efficient to measure color intensities from microchamber 3 as the indicator of 

separation, where only Alexa 488 dye was preconcentrated. Since the pixel 

intensities of blue and red were almost the same, only red and green colors were 

discussed. The color profile of 100-fold reference solution of Alexa 488 at 0.90 mM 

was 33.28 in red and 219.76 in green under the exposure time of 300 ms. As shown  
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Figure 3.7 Overall fluorescence intensity tracked in each microchamber as a 

function of time. Dotted line, dashed line and solid line represented the mixture 

of SRB with Alexa 488, only SRB and only Alexa 488, respectively. Three 

different colors indicated the pixel intensity of each microchamber (black for 

microchamber 1, red for microchamber 2 and blue for microchamber 3). The 

concentration ratio of selectively preconcentrated Alexa 488 in microchamber 3 

exceeded 100-fold, maintaining the preconcentration factor high enough in 

repeated valve operations. 
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in Figure 3.8, the pixel intensity of the microchamber 3 in the main channel was 

223.20 in green and 31.17 in red at the operation time from 25 minutes to 30 minutes, 

which agreed with the reference values of the 100-fold, meaning that the majority 

occupying the microchamber 3 was only Alexa 488 dye. In addition to this, the color 

profile of the microchamber 1 (Figure 3.9) contained high value of red color which 

was not found in the microchamber 3 as shown in Figure 3.8. The ratio of red and 

green color was reversed at 10 minutes and maintained around 2 : 1 from 25 minutes 

to 30 minutes in the microchamber 1. Since SRB was dominant in the original 

solution (SRB at 24.14 nM + Alexa 488 at 0.90 M) and its red/green ratio was 2 : 

1, we concluded that the microchamber 1 was solely occupied by SRB after 25 

minutes. This color profile measurement provided an accurate platform to measure 

the separation efficiency between two dyes with different mobility. 

 

3.2.4 Collection of preconcentrated plugs by valve system 

As the operation continued further, the preconcentration factor increased 

accordingly. However, subsequent process using selectively preconcentrated 

analytes was difficult since the selective preconcentration was performed while the 

background solution freely flows in a single channel. Besides, a subsequent on-chip 

process which should exclude electrical operation was inapplicable because the plug 

drastically dispersed as shown in Figure 3.10(A) when the applied voltage was 

turned off. To resolve this problem, a plug was required to be isolated and transported 

to another site, while the preconcentration ratio maintained without loss for either 

on-chip or off-chip applications. This was able to be realized using pneumatic 

microvalve system. To guarantee the role of valves to block the plug from the 

original sample channel, the extent of dispersion was compared between the cases 

of valve OFF and valve ON as described in Figure 3.10(A) and (B).  

The valves were operated in a repeated cycle as described in Figure 3.5 to collect 

the selectively preconcentrated plug into the side channel. In a cycle, the plug was 
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Figure 3.8 Red/green color profile in microchamber 3, showing the 

microchamber 3 only had Alexa 488. 
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Figure 3.9 Red/green color profile in microchamber 1, showing the 

microchamber 1 only had SRB. Fluctuations after 30 minutes in all plots showed 

that the preconcentration factor maintains over 50-fold along the cyclic valve 

operations. While the error bars were omitted for clear visibility, the tests were 

conducted at least 10 times with different devices for the repeatability and 

reliability. 
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Figure 3.10 Time-lapse images showing the dispersion of isolated plug when the 

valves were (A) OFF and (B) ON. 
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isolated from the original sample solution and squeezed up into the side channel. To 

analyze the preconcentration factor achieved from the process, a rib-shaped 

measurement window was installed in the middle of the side channel. This 

measurement window was designed for metering how high the preconcentration 

ratio would be achieved through the process. In the meantime, the measurement 

window had larger area than the side channel itself so that it had low fluidic 

resistance and the side channel connected to an open reservoir to atmospheric 

pressure, allowing subsequent processes without any disturbance. As shown in 

Figure 3.11(A), no fluorescence intensity was observed in the measurement window 

at t = 0, because the measurement window was initially filled with sample solution. 

By the first valve operation, the pixel intensity of measurement window already 

exceeded 10-fold of the initial concentration of Alexa 488 as plotted in Figure 

3.11(B). With repeated valve operations, the concentration of collected plugs in the 

measurement window continuously increased so that the concentration reached over 

30 times of the initial concentration after the sixth operation. After the ninth 

collection, it was observed that the measurement window was fully filled with green 

dyes. After this point, a diffusive mixing would not occur anymore. The error bars 

decreased and the signal saturated according to the number of valve operation, since 

we measured area averaged fluorescent intensity in whole measurement window. It 

led largest error bar at the 1st collection because the window was not fully filled with 

the dye. 

The preconcentration factors of each Step 1 in repeated cycles were maintained 

high enough to continuously increase the pixel intensity of the measurement window. 

Figure 3.7 also supported this result. In the Figure, the valves were repeatedly 

operated in the same cycle with the interval of 2 minutes after 30 minutes of 

selectively preconcentrating operation. When the analytes in the microchamber 3 

were isolated by valves and moved up into the side channel, the pixel intensity of the 

microchamber 3 was zero. The intensity of microchamber 3 increased again with the  
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Figure 3.11 (A) Snapshots of repeated valve operations collecting selectively 

preconcentrated plugs. Compared to the initial state, the measurement window 

was being filled with green dye (Alexa 488) over several valve operations. (B) 

Average intensity change in the measurement window over number of repetition 

of valve operations. The average intensity exceeded 10-fold in a single valve 

operation, and 30-fold after nine operations. Note that there was no SRB in the 

measurement window. 
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next preconcentration operation for 2 minutes. The concentration of Alexa in the 

microchamber 3 was maintained over 50-fold for all valve operations. The upheld 

high preconcentration ratio of collected sample was led by stable and reproducible 

valve operations. Since microvalve systems squeezed the preconcentrated plugs by 

mechanical force, the mechanism of the collection process barely agitated the 

external electric field. 

 

3.2.5 Three kinds of analyte 

For being used in practical applications, solutions mixed with various kinds of 

molecules should be considered. Therefore, it is need to confirm that multiple 

components with different physicochemical properties in solution can be 

simultaneously preconcentrated and separated under ion concentration polarization. 

Note that molecules dealt with in this experiment are negatively charged since only 

cation-selective membrane was used. In conventional methods using ion 

concentration polarization, there are few demonstrations reported which selectively 

preconcentrated more than two kinds of analyte.5, 11 However, in the studies, 

separated plugs were observed but it is not confirmed whether each plug is composed 

of single kind and the order is from high mobility to low mobility. Thus, it is need to 

investigate more in to confirm that multiple components can be simultaneously 

preconcentrated and separated under ion concentration polarization in order of the 

magnitude of mobility. 

Figure 3.12 shows simultaneous preconcentration and separation of three different 

kinds of analyte, which are SRB, Alexa 488, and Alexa 532. Tangential electric field 

was generated with 45 V and 70 V for each low voltage and high voltage. This 

voltage configuration was empirically adjusted for effective selective 

preconcentration. When the voltage was applied, ion depletion zone was developed 

and three dyes were preconcentrated at chamber 1. After 70 s, only the 

preconcentrated plug of Alexa 488 propagates to chamber 2. After 160 s, Alexa 532  
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Figure 3.12 Time-lapse images showing the selective preconcentration of SRB, 

Alexa 532 and Alexa 488. Three different dyes were simultaneously 

preconcentrated and separated. 
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was separated from SRB and moved to chamber 2. In this point, the chamber 2 was 

occupied with Alexa 488 and Alexa 532. Around 5 minutes, Alexa 488 in the 

chamber 2 started to move to chamber 3 while Alexa 532 stayed still in the chamber 

2. Consequently, three different dyes were successfully separated while the 

concentration of each preconcentrated plug was increased. As separated three plugs 

moved toward the reservoir with high voltage due to electrophoretic mobility, the 

plugs were not mixed over time.  

The concentration ratio of each dye was quantitatively investigated through 

examining pixel intensities. In the case of Alexa only green pixel intensity was 

examined as shown in Figure 3.13. Alexa 488 was preconcentrated up to nearly 30-

fold in chamber 1. However, as Alexa 488 dye moved to the next chambers, the 

concentration of preconcentrated plug became decreased. Also, the slop of the pixel 

intensity decreased, which means that the preconcentrated plug dispersed along with 

the movement. Figure 3.14 represents green pixel intensity with the reference line of 

Alexa 532. It showed that the concentration of Alexa 532 increased as it moves to 

the next chambers. Although the initial concentration of Alexa 488 and Alexa 532 

was the same in the main channel solution, the tendency turned out to be completely 

different. As it was in the case of Alexa 488, the plug of Alexa 532 was also dispersed 

as it moved but the concentration ratio became increased and exceeded 100 times of 

initial concentration ratio after 20 min. It is interesting phenomenon requiring further 

investigation. In the case of SRB, only red pixel intensity was examined as shown in 

Figure 3.15 other than green and blue pixel intensity. Before moving to the chamber 

2, the concentration of SRB was increased almost 50-fold. Also, the concentration 

of SRB became gradually increased even after propagating to the next chamber. This 

means that dyes from the reservoir with high voltage were continuously 

preconcentrated in the first order over time even with the existence of the other two 

dyes.  
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Figure 3.13 Green pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of Alexa 532. A triangular marker, a 

rectangular marker, and a diamond marker, and x marker represent the green pixel 

intensity in microchamber 2, microchamber 3, microchamber 4, and 

microchamber 5, respectively. 
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Figure 3.14 Red pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of SRB. A circular marker, a triangular 

marker, a rectangular marker, and a diamond marker represent the red pixel 

intensity in microchamber 1, microchamber 2, microchamber 3, and 

microchamber 4, respectively. 
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Figure 3.15 Green pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of Alexa 488. A triangular marker, a 

rectangular marker, and a diamond marker, and x marker represent the green pixel 

intensity in microchamber 2, microchamber 3, microchamber 4, and 

microchamber 5, respectively. 
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3.2.6 Correlation between voltage configuration and separation time 

When different molecules are selectively preconcentrated, time to take for 

separation determines separation efficiency as well as separation resolution does. It 

is difficult to optimize voltage configuration for separating negatively charged 

molecules near cation-selective membrane to be fast with sharp separation resolution 

since increasing electric field reversely enhances the magnitude of electrophoretic 

force and electroosmotic force in an opposite direction. Therefore, investigation with 

different voltage values of VHIGH and VLOW is required to find optimal condition.  

In this part, 20 V, 30V and 40V were taken for VLOW, and 80 V, 90 V, 100 V, 110 

V, and 120 V were taken for VHIGH in order to find optimal condition by measuring 

time for separation and the extent of dispersion. Figure 3.16 showed representative 

three results among those voltage configurations. The difference (V) between VHIGH 

and VLOW is 100 V, 80 V, and 80 V for each but VHIGH which dominates the generation 

of depletion zone is 120 V, 100 V, and 110 V for each as shown in Figure 3.16(A) 

(case 1), (B) (case 2), and (C) (case 3). The fastest elapsed time was found in the 

case 1 with the voltage configuration of 20 V for VLOW and 120 V for VHIGH and the 

lowest elapsed time was found in the case 2 with the voltage configuration of 30 V 

for VLOW and 110 V for VHIGH.  

Different condition between the case 1 and case 2 only came from the fact that 

VHIGH in case 1 was higher than VHIGH in case 2. As shown in Figure 3.16(A) and (B), 

the separation speed of case 1 was faster than that of case 2, and the case 1 had lesser 

dispersion than the case 2 had. This result can be explained by conventionally known 

theories as mentioned in chapter 2. As the VHIGH increased, electrophoretic force and 

electroosmotic force on Alexa 488 simultaneously increased. Therefore, each 

magnitude of those two forces must have been greater in the case 1 than in the case 

2. The result of the case 1 revealed that the increase of the magnitude in 

electrophoretic force was dominant over that of the magnitude in electroosmotic 

force in those cases. This was evidenced by empirical phenomenon. Alexa 488  
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Figure 3.16 Time-lapse images of selective preconcentration of Alexa 488 and 

Alexa 532 with the voltage configuration of (A) VLOW for 20 V, VHIGH for 120 V, 

(B) VLOW for 20 V, VHIGH for 100 V and VLOW for 30 V, VHIGH for 110 V, 

respectively. The separation time of Alexa 488 from Alexa 532 takes longer in 

order of (A) to (C), respectively. 
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moved towards the reservoir with anodic electrodes faster in the case 1 than in the 

case 2. Consider the anodic channel as two parts divided by the location of 

nanojunction: a channel on VHIGH side and a channel on VLOW side. On the VHIGH side, 

significantly large voltage drop occurred in depletion zone which is very short-sized 

region comparing to the entire length of the VHIGH side. Therefore, considering 

average electroosmotic flow, the electroosmotic flow generated by the field on the 

VHIGH side in the case 1 and the case 2 would not much different from each other. On 

the VLOW side, the case 1 and the case 2 had almost the same electroosmotic flow 

since their values of VLOW are the same. The superposition of these two flows would 

give similar net electroosmotic flow in the case 1 and the case 2. In this point, the 

movement of equilibrium position in the case 1 comparing to the case 2, according 

to the theory in chapter 2, resulted from the increased magnitude of electrophoretic 

force on molecules. Secondly, other than the location of equilibrium point, dispersion 

tells the dominant effect of electrophoretic force.  

In the comparison of the case 2 and the case 3, however, it is not simply explained 

with the mechanisms mentioned in the chapter 2. In these two cases, increased VHIGH 

led the plugs dispersed as expected, but the separation speed became, surprisingly, 

slowed down, which is distinct aspect from the case 1 and case 2. To investigate 

which results this peculiar aspect, operation map was drawn of various kinds of 

voltage configuration as shown in Table 3.2. Figure 3.17 describes the map of the 

time for Alexa 488 to separate from Alexa 532 under each VLOW and VHIGH according 

to the voltage configuration in Table 3.2. It was shown that the difference between 

voltages of each reservoir in anodic side did not have typical tendency other than 

some optimal points such as the maximum and the minimum. This can be interpreted 

as another evidence that the selective preconcentration occurred under nonlinear 

regime under ion concentration polarization system. For now, it seems to be an 

utmost efforts to obtain operation map and search the optimum point between 

separation time and the extent of dispersion if one wants to find the optimal condition 
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VLOW [V] VHIGH [V] Separation time [s]

20

80 252.8

90 236.8

100 201.6

110 118.4

120 86.4

30

80 224.0

90 256.0

100 256.0

110 288.0

120 256.0

40

80 224.0

90 256.0

100 256.0

110 256.0

120 224.0

Table 3.2 Separation time values of Alexa 488 from Alexa 532 in a repeated-

chamber channel with different voltage configuration. 
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Figure 3.17 Operation map of the time for Alexa 532 to separate from Alexa 488 

under each VLOW and VHIGH. There exists the maximum point and the minimum 

point. 
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for efficient separation. 

 

3.2.7 Mobility-dependent preconcentration dynamics 

Considering the aspect of separation as shown in Figure 3.6 and Figure 3.16(B), it 

is evident that the preconcentrated location kept moving after enough time scale for 

the development of ion depletion zone. If only electroosmotic force and 

electrophoretic force are effective on the separation, two different molecules must 

have been preconcentrated at different location. However, the results above all 

showed that the preconcentration of different dyes occurred at the same location and 

one of them was separated later over time. To figure out unknown factor which can 

determine the equilibrium point of selective preconcentration, we adopted a simple 

device with a straight channel as shown in Figure 3.18.  

It was found that preconcentrated molecules interact with each other and this 

interaction affects the separation of the preconcentrated plugs. Figure 3.19 describes 

this phenomenon. SRB and Alexa 532 were used for confirming this mechanism in 

1mM KCl solution. 15 V was applied for low voltage and 30 V was applied for high 

voltage. As denoted in Figure 3.19(A) and (B), each preconcentrated plug had its 

own equilibrium point over time. Also, SRB began to preconcentrate right next to 

the depletion zone and was stacked over time while the preconcentration plug of 

Alexa 532 propagates to the reservoir of high voltage side. When these two dyes 

were mixed in a solution and preconcentrated under ICP as denoted in Figure 3.19(C), 

SRB was preconcentrated as it was in Figure 3.19(A). However, Alexa 532 appeared 

in a different way. Comparing to the preconcentration in Figure 3.19(B), Alexa 532 

in a mixed solution was preconcentrated backward to the reservoir with high voltage. 

Due to the existence of SRB, it seemed that Alexa 532 was pushed away by the 

preconcentrated plug of SRB. Since the net electric charge of SRB is -1 and that of 

Alexa 532 is -2, the electrophoretic mobility of Alexa 532 is greater than that of 

SRB. Although this cannot explain why SRB stacks near the boundary of depletion  
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Figure 3.18 (A) Schematic of device with straight channel. The length of main 

channel is ~6 mm. (B) Microscopic view of the device with straight channel. 



 

59 

 

  

Figure 3.19 (A) Time-lapse images of selective preconcentration of (A) SRB, 

(B) Alexa 532 and (C) SRB and Alexa 532 together as a function of time. The 

location of each plug along time scale in (C) differs from that of single kind plug 

in (A) and (B). 
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zone and Alexa 532 propagates far from the depletion zone, the order of 

preconcentration plugs can be explained with a new model depending on 

electrophoretic mobility. In other words, when two different molecules are mixed 

and preconcentrated under ICP, molecules with different electrophoretic mobility 

compete with each other for satisfying local electroneutrality in order to 

preconcentrate at the original location which is the same location in a solution with 

single molecules. Over time, molecules with lower electrophoretic mobility wins 

molecules with higher electrophoretic mobility, and preoccupies the location near 

the depletion zone, expelling the molecules with higher electrophoretic mobility. 

In order to investigate the new model more carefully, another dye named CoroNa 

Green which has neutral net electric charge was adopted. Figure 3.20(A) showed the 

normal preconcentration of CoroNa Green in the same condition with SRB and 

Alexa 532. As in SRB, this dye was also preconcentrated right next to the depletion 

zone and was stacked over time. Since the net charge of CoroNa Green is zero, it 

could be expected that SRB should lose in the competition and pushed toward the 

reservoir side with high voltage. In Figure 3.20(B), the experiment of mixed solution 

of SRB and CoroNa Green concurred with the expectation. The red image in Figure 

3.20(B) only detected SRB. It can be shown in the image that CoroNa Green 

preoccupied the location right next to the depletion zone and pushed SRB to the 

reservoir side in order to satisfy the local electroneutrality.  

 In the light of the new model, the preconcentration of three different molecules 

as in Figure 3.12 can be analyzed. In the result, SRB, Alexa 532 and Alexa 488 were 

preconcentrated, and separated in this sequence. Considering the net charge of each 

dye, -1, -1, and -2, respectively, the order of Alexa 488 seems to makes sense. 

However, SRB and Alexa 532 were separated although their net charges are the 

same. When particles are polarized, the electrophoretic mobility under nonuniform 

electric field depends on the dipole moment of the particles.34 However, the 

permittivities of this two dyes are smaller than that of water, which means that it is  
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Figure 3.20 Time-lapse images of selective preconcentration of (A) CoroNa 

Green and (B) CoroNa Green and SRB together as a function of time. The 

location of each plug along time scale in (C) differs from that of single kind plug 

in (A) and (B). 
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not high enough to be effectively polarized. Therefore, the separation cannot be 

explained by induced charge interaction. In consideration of dielectrophoresis, 

dipole interaction between dye molecules can be also ignored since the size of 

molecules is O(1) nm.35 Thus, it might be caused by the nonlinear interaction 

between particle transport and ambient flow field. 
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Chapter 4 

 

 

Conclusions 

 

 

This thesis presented and characterized a multilayer micro/nanofluidic device for 

selective preconcentration. The operating principle of the device was based on the 

high electric field gradient induced by ICP phenomenon. In the main channel, two 

opposing electrophoretic force and electroosmotic drag force exerted on the charged 

molecules were balanced depending on the physicochemical properties of the 

molecules. Importantly, the repeated microchamber structure suppressed the 

undesirable instability of the ICP operation, pinning the location where the 

preconcentrated plug was formed. With this device, SRB and Alexa were 

simultaneously separated and preconcentrated at the separation resolution of 1.75. 

By introducing pneumatic microvalves, dispersion due to the high concentration 

gradient was prevented, and Alexa plugs preconcentrated at 100-fold was able to be 

isolated from the main channel without the loss of the ratio during the cyclic valve 

operations. After all, 30-fold of Alexa was able to be collected in the measurement 

window. RGB signals from the preconcentrated analytes were rigorously analyzed 

for quantitative and qualitative separation efficiency, while previous researches 
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relied only on the position tracking of the molecules. Three different dyes were also 

preconcentrated and separated simultaneously. Through investigating the 

preconcentration of each dye, additional mechanism for preconcentration was 

revealed that interactions between different kinds of molecules affected the location 

of preconcentrated plugs for satisfying local electroneutrality depending on their 

mobility. Given the importance of extracting selective preconcentrated analytes, we 

expect that this mechanism and structure of the micro/nanofiuidic device would be 

a powerful tool for lab on a chip applications. 
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국문 초록 

 

이온 분극 현상을 이용하여 물리화학적 성질이 다른 전하를 띤 입자를 

선택적 분리 및 농축, 압출하는 다중층 마이크로/나노수력학 장치를 

제시하였다. 입자에 대한 전기삼투 마찰 힘과 전기 영동 힘의 균형을 

이용하여 sulforhodamine B와 Alexa Fluor 488 형광물질이 섞인 

샘플을 높은 농도로 선택적으로 농축하였다. 반복적으로 연결된 

마이크로챔버 구조의 마이크로채널은 형광입자를 원하는 위치로의 

농축을 가능하게 하였다. 농축된 물질의 칩(chip) 상의 혹은 칩 

외부에서의 연속적인 사용을 위하여, 마이크로 공압밸브가 결합되었고, 

주기적인 밸브 작동을 통하여 원하는 입자만 선택적으로 압출할 수 

있었다. 이러한 통합 시스템을 이용하여 sulforhodamine B가 섞인 

수용액으로부터 Alexa Fluor 488이 압출되었고, 1.75의 분리 분해능과 

30배의 농축비를 달성하였다. 또한 ICP 현상으로 일어나는 농축 

매커니즘을 탐구하여 모빌리티에 따른 분자간 부분적 전기중성을 

만족하고자하는 상호작용이 농축 플러그의 위치에 영향을 미친다는 것을 

밝혀내었다. 본 장치는 랩온어칩(Lab on a chip) 의 응용에 있어 향후 

중요한 요소로서 역할을 할 것이라 예상된다.  
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A multilayer micro/nanofluidic device was presented for the selective 

preconcentration and online collection of charged molecules with different 

physicochemical properties based on ion concentration polarization phenomena 

(ICP). With a balance of electroosmotic drag force and electrophoretic force on the 

molecules, a sample mixture of sulforhodamine B and Alexa Fluor 488 could be 

highly preconcentrated and separated simultaneously. A repeated microchamber 

structure was employed to capture each dye at a desirable position. For subsequent 

on-chip or off-chip application, pneumatic microvalves were integrated and 

selectively collected the target dyes with cyclic valve operations. Using the 

integrated system, Alexa Fluor 488 was solely collected (with a separation resolution 

of 1.75) out of the mixture at a 30-fold preconcentration ratio. Furthermore, 



 

ii 

 

investigating the mechanism of preconcentration under ICP revealed that molecular 

interactions affected the location of preconcentrated plugs for satisfying local 

electroneutrality depending on their mobility. This integrated device would be a key 

component for lab on a chip applications. 
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Chapter 1 

 

Introduction 

 

 

Recently, the micro Total Analysis System (mTAS) has been tremendously 

researched in the fields of analytical chemistry, diagnosis, environmental and nuclear 

engineering.13 The major components in such systems are a separator for multi-

component analytes, a preconcentrator for the detection of low abundant molecules, 

and a sample collector for post processing. These on-chip preconcentration methods 

have been developed in order to detecting low-abundant analytes, particularly those 

in bio-samples. Although off-chip sample can solve this this problem prior to 

analysis, the amount of sample loss and contamination in sample cannot be ignored. 

Furthermore, the additional preparation steps before analysis are often labor-

intensive and time-consuming. In this light, many on-chip sample preconcentration 

techniques based on different working principles for improving the detection 

sensitivity have been introduced and implemented in microchips for achieving the 

goals of automation, enhancement in analytical efficiency, and reductions in sample 

loss and contamination.14  

A number of researches have been performed on preconcentration or separation of 

molecules using capillary electrophoresis,1 microfluidic field-amplified sample 

stacking,9 isoelectric focusing,10 and isotachophoresis2 as shown in Figure 1.1 and 
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Figure 1.1 (A) Capillary electrophoresis chip design1 and (B) Schematic of on-

chip Field-amplified sample stacking in the absence of Electroosmotic force. 

Gray shading is used to show conductivity field, with lighter shading 

corresponding to low-conductivity buffer.9. 
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Figure 1.2.2 In practical processes, these methods have several difficulties; (1) these 

methods require the additional extraction system of preconcentrated and separated 

molecules because they employ free flow concept (i.e. the target compounds are 

migrating and concentrating simultaneously along the specific path where the 

background fluid is flowing.), limiting subsequent processes. (2) Alternating 

injection of samples that should be isolated one another causes considerable cross 

contaminations. (3) While the reliability of detection level is enhanced by increasing 

the concentration of samples, intricate channel geometries or specific chemicals are 

often demanded for an experimental setting. (4) Even after successful separation and 

preconcentration, online detection followed by these operations can still cause an 

inevitable dispersion. These problems tend to increase complexity of operations or 

produce false negative and false positive, resulting in unfeasible on-chip processes. 

Therefore, a new design with simple structure and easy fabrication is demanded for 

performing fast and accurate separation and preconcentration. Furthermore, a 

connection to conventional off-chip analysis systems or an integration with on-chip 

analysis parts is expected for the ideal platform of mTAS. 

As a method to preconcentrate analytes, nanoscale electrokinetic phenomenon 

caused by the selective transportation of counter-ions in the electrolyte near a 

nanoporous membrane, called ion concentration polarization (ICP), has been 

suggested and the preconcentration factor reached up to million-fold.15 The target 

analytes are concentrated at pinned position, while background fluid is still flowing 

in ICP operation. Recently, simultaneous separation and preconcentration (or 

selective preconcentration) was successfully performed using ICP, demonstrating 

the separation of phosphorylated and unphosphorylated substrates11 or tagged and 

untagged DNA molecules as shown in Figure 1.3.5 It indirectly proved that one can 

utilize the ICP concept not only to preconcentrate low abundant molecules but also 

to separate molecules depending on different physicochemical properties. However, 

these ICP demonstrations still have several limitations. (1) First of all, the  
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Figure 1.2 (A) Schematic of isotachophoresis and capillary electrophoresis assay 

protocol.2 (B) Free-flow zone electrophoresis of fluorescein and rhodamine B. 

Potential was not applied in a) and 250 V cm-1 across the separation area.10 
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Figure 1.3 (A) Fluorescence snapshots of DNA versus time. The fluorescence 

intensity increases with time, indicating concentration of the DNA sample. The 

exclusion zone moves away from the Nafion film interface (shown in dashed 

white lines) due to the dynamic equilibration process of ICP.5 (B) The 

phosphorylated substrates and the unphosphorylated substrates are 

simultaneously preconcentrated and separated.11 
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identification of the location where reactions occur becomes labor-intensive and 

time-consuming tasks since the location of preconcentrated sample plug keeps 

uncontrollably fluctuating by the strong instability of electrokinetic flow inside ICP 

layer.7, 16 (2) The extraction of the preconcentrated analytes for post processing 

without irresistible dispersion still has not been accomplished. Turning off an applied 

electric field let the highly preconcentrated plugs disperse quickly since there is a 

huge concentration gradient at the boundary. To resolve this problem, an integration 

with two-phase droplet generator8 or pre-binding on-site reaction12 were reported as 

in Figure 1.4, but an additional recovery processes is needed or aggressive washing 

steps should be excluded, respectively. These factors significantly hinder the 

commercialization of further engineering developments. 

To evolve ICP concept as a practical tool to selectively preconcentrate charged 

molecules, the integral mechanism is unprecedentedly required of (1) the stable 

formation of the highly preconcentrated single analyte and (2) on-demand extraction 

to external systems without undesirable dispersion. In this work, by designing 

narrow channels between repeated microchambers, the fluidic instability due to 

amplified electric field inside ICP was able to be suppressed. Limiting the ever-

expanding ICP zone by microstructures17 or by external hydrodynamic flow 

injection18 have been reported to restrict the hydrodynamic instability and the role of 

vortices near the membrane.19 These narrow microchannels between repeated 

microchambers presented in this work are expected to perform in the same manner. 

Subsequently, pneumatic microvalve system20 was employed to isolate the highly 

concentrated sample from the original sample mixture without further dispersion, 

and also to collect sample plugs so that they can be further used in conventional 

analytical systems in either on-chip or off- chip formats.  
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Figure 1.4 (A) Schematic representation of the integrated nanofluidic 

biomolecule concentrator and microfluidic droplet generator chip. The enzyme 

molecules were accumulated by a concentrator into a plug that was mixed with 

the substrate and then encapsulated into monodisperse microdroplets for time-

dependent observation. The reaction to turn over the fluorogenic substrate was 

monitored as a function of time in the droplets.8 (B) Immunosensing using 

preconcentration under ion concentration polarization procedure. One can locally 

increase the sample concentration and facilitate the binding kinetics and the 

sensitivity without changing the binding pair or detection system.12 
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Chapter 2 

 

Theoretical background 

 

 

2.1 Characteristics of ICP phenomenon 

When it comes to permselective system in ion concentration polarization 

phenomenon, micro-nano hybrid platform is considered as shown in Figure 2.1(A). 

In the platform, two microchannels are connected only with nanojunction which 

operates as a permselective membrane. In this work, only cation-selective membrane 

is discussed below under microchannel surface with negative zeta potential.  

A nanochannel thinner than O(100) nm has permselectivity since in that scale the 

thickness of Debye layer should be non-negligible and the layer even can be 

overlapped.21 As shown in Figure 2.1(B), only cations pass through cation-selective 

membrane towards cathodic side while anions cannot under electric field. Due to 

this preferential cation transport through the nanoporous membrane, ion 

concentration decreased in anodic side, which is called ion depletion zone, and ion 

concentration increased in cathodic side, which is called ion enrichment zone. The 

phenomenon of concentration polarization in either sides of permselective media is 

called as ion concentration polarization (ICP).6, 15 Kim et al. observed this 

phenomenon of nonlinear characteristics in current according to the applied voltage  
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Figure 2.1 (A) Schematic configuration of micro-nano hybrid device for ion 

concentration polarization phenomenon and (B) Schematic diagram of ion 

concentration distribution near cation-selective membrane. 



 

10 

 

as shown in Figure 2.2(A) and (B). As applied voltage increases, there exists three 

regimes: ohmic regime in low current followed by limiting regime of a plateau with 

much lower slop, and overlimiting regime where the slop of current increased again 

but still lower than that of ohmic regime.6 

The depletion zone, which is unique region adjacent to permselective membrane, 

has three distinctive properties: low ion concentrations,3, 22 strengthened electric field 

intensity,4 and strong vortices6, 15, 22a adjacent to the nanoporous membrane. As the 

cation selective membrane is impermeable for anions, only cations are permitted to 

pass through the membrane when voltage is applied. Locally broken electroneutrality 

in anodic side of the membrane lets anions repulse each other, forming depletion 

zone with ion concentration even below one hundredth of bulk concentration.3, 23 

Due to depletion of ions as charge carriers, electrical conductivity in ion depletion 

zone becomes very small. Since current density should be uniform through the 

longitudinal direction along the microchannel, the magnitude of electric field 

happens to become extremely amplified. This was experimentally confirmed as 

denoted in Figure 2.3.4 In addition, strong and fast vortices are generated in depletion 

zone near the membrane.15 Rubinstein et al. theoretically suggested nonequilibrium 

electro-osmotic slip, at a flat permselective membrane, proportional to the square of 

electric field.22a This relationship denotes the formation of vortices is nonlinear 

phenomenon. Figure 2.4(A) shows the velocity of the vortices which is at least O(10) 

times faster than that of primary electroosmotic flow under the same electric 

potential. At steady state, Kim et al. observed fast vortices in each single and double 

gate device as shown in Figure 2.4(B).6  

 

2.2 Conventional models for ion concentration polarization 

As described in Figure 2.5(A),7 classical models based on Nernst-Planck equations 

considering ion transport only due to diffusion and electromigration predict the linear 

concentration profile inside the ion depletion zone.24  
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Figure 2.2 (A) The basic ion-enrichment and ion-depletion behavior and (B) 

characteristic curve of voltage against ionic current of a cation-exchange 

membrane, showing ohmic, limiting, and overlimiting regime6 
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Figure 2.3 In situ measurement of local electric field inside an outside the ion 

depletion zone using microelectrodes integrated along the microchannel.4 
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Figure 2.4 (A) The linear velocity and angular velocity of the vortex as a function 

of applied voltage. (B) Fast vortex at steady state in single gate device. (C) Four 

independent strong vortices in double gate device.6 
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Figure 2.5 Schematic diagrams of the concentration profile inside ICP layer and 

ohmic/limiting/overlimiting current behavior when (A) only diffusion and drift 

were considered, (b) electroconvection was added to (A) and (C) multiple 

vortices were formed (inducing step-wise discrete concentration distribution).7 
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Tracing the connection with the classical model, Rubinstein et al.3 developed a 

model expressing overlimiting current as in Figure 2.5(B) by considering the role of 

bulk charge. A steady current was considered to pass through an ideally 

permselective membrane immersed in a stirred solution of 1:1 valent electrolyte. 

They assumed there is an ‘unstirred’ layer of thickness  near the membrane, which 

does not depend on the magnitude of applied voltage V. Also, it was assumed that 

the ions within the unstirred layer are distributed by means of electrodiffusion only. 

Identifying the x-axis where x = 0 with the outer boundary of the ‘unstirred’ layer, 

governing equations and boundary conditions are as in the following.  

 4
 (2.1) 

 
0 (2.2) 

 0 (2.3) 

 | 0, 			 | |  (2.4) 

 | ,				 | , | 0  (2.5) 

where  is the electric potential, F is the Faraday constant,  is the dielectric 

permittivity, c+ and c- is the ion concentration of each ionic species, R is the gas 

constant, c0 is the bulk concentration, and N is the fixed charge concentration within 

the membrane. The Poisson equation is represented by equation (2.1). The Nernst-

Plank equations (2.2) and (2.3) describe the mass transport of charged species under 

consideration of the diffusion and the electromigration. Since they assumed an 

‘unstirred’ layer near the membrane, Stokes equations and continuity equation were 

not solved. Equation (2.4) represents the boundary condition of bulk reservoir and 

equation (2.5) represents the boundary condition near the cation selective membrane. 

Due to the equations, the effect of bulk charge of ICP layer could be described in 

the overlimiting regime. In their definition, parameter  is dimensionlessly defined 

by 
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 ε  (2.6) 

where D is the Debye length. In the Levich’s model,  is zero due to the assumption 

of local electroneutrality. With this zero value, ionic current becomes saturated to the 

limiting value as denoted in Figure 2.5(A). Considering the effect of bulk charge, 

ionic current could be increased beyond limiting current with different conductance 

comparing with ohmic regime as shown in Figure 2.6(A) and (B).  

 

2.3 Simple model for preconcentration based on force balance 

2.3.1 Preconcentration at the boundary of depletion zone 

It has been known that nanofluidic channels can support ion-selective ion currents. 

When an electric field is applied across the nanojunction, the electrical double layer 

began to be overlapped in each nanojunction, letting counterions migrate across the 

nanojunction. This results in decrease of ion concentrations at the anodic side, 

generating the ion depletion zone. The ion depletion near the nanoporous membrane 

will thicken the Debye layer, and thus, make the layer overlap more significantly in 

the nanofluidic channel. This enhances ion concentration polarization. Above a 

certain threshold value of electric field, the ion transport across the nanojunction 

enters a new, nonlinear regime. In this regime, the counterions are depleted from the 

nanofluidic channel, and the extended space charge layer is formed near the 

nanojunction in the anodic bulk side. Within this induced layer, electroneutrality is 

locally broken and co-ions or other charged molecules are rejected to pass the 

depletion zone.25 Meanwhile, electroosmotic flow generated by applying different 

voltage at each reservoir can extend the depletion zone to one side of the reservoir 

as shown in Figure 2.7(A). Due to electroosmotic flow, depletion zone is stretched 

to the reservoir with low voltage.  

Negatively charged molecules are preconcentrated at the boundary of the 

depletion zone. As denoted in Figure 2.7(B), each part of the solution in the  
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Figure 2.6 The effect of bulk charge.3 (A) Calculated voltage against current 

curves for different values of parameter e where iL is each limiting current. The 

zero value of e corresponds to the classical theory. (B) Calculated ion 

concentration profiles at different voltages V for e = 10-4. Solid lines represents 

cation concentration at dimensionless voltage V while dashed lines do anion 

concentration. 
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Figure 2.7 (A) Preconcentration at the boundary of depletion zone and (B) 

schematic of microchannel and nanojuction represented by resistors, where I 

denotes current, c denotes ion concentration, σ denotes conductance, and E 

denotes electric field. 
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microchannel and nanojunction can be interpreted as a connected resistor. Since 

current along the vicinity of the boundary of depletion zone should be uniform in a 

microchannel, different value of conductance leads different magnitude of electric 

field. Conductance is low on the depletion side of the boundary due to low 

concentration of electrolytes, and high on the other side of the boundary due to high 

concentration of electrolytes as that in the bulk side. This results in relatively higher 

magnitude of electric field in the depletion side of the boundary than that in the other 

side of the boundary. As far as negatively charged molecules are concerned, this 

electric barrier makes them preconcentrated at the vicinity of the boundary.  

 

2.3.2 Strategies for selective preconcentration and online collection 

In an environment with low Reynolds number, the flow in the microchannel is 

described as Stokes flow where inertia is ignored. Charged molecules in the 

microchannel are influenced by two different forces: electroosmotic force and 

electrophoretic force. Since the molecules are in the Stokes flow, electroosmotic 

force is equal to Stokes drag force, 6uEOR, where  is the dynamic viscosity, uEO 

is the electroosmotic velocity of bulk which is independent from molecule's 

properties, and R is the radius of the spherical object. Therefore, the electroosmotic 

force does not dominantly affect the separation of the preconcentrated molecules 

since the size of the molecules in this work is similar (~1 nm). On the other hand, 

electrophoretic force by electrostatic drift exerted on the molecules can be expressed 

as qE where q is a net electric charge and E is an electric field. Corresponding to the 

electrophoretic force, another drag force is formed with the magnitude of 6uEPHR 

where uEPH is the electrophoretic velocity, in the opposite direction of the 

electrophoretic force. Since the electrophoretic drag force and electrophoretic force 

by electrostatic drift should be the same, electrophoretic velocity, uEPH, is 

proportional to the net electric charge and electric field. Considering the electric field 

is almost the same along the area where molecules are preconcentrated, electric 
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charge places a key role in the separation of the molecules. As denoted in Figure 2.8, 

two different kinds of molecules have different equilibrium points due to their 

electrophoretic mobility. The molecules with higher electrophoretic mobility are 

preconcentrated towards the reservoir with high voltage while the preconcentrated 

molecules with low mobility stay near the nanojunction.   

Figure 2.8 Schematic diagram of selective preconcentration mechanism with 

different mobility. The separation was drawn by the equilibrium between 

electroosmotic drag force and electrophoretic force exerted on molecules. 
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Chapter 3 

 

Selective preconcentration with micro 

pneumatic valve system 

 

 

3.1 Experimental setup 

3.1.1 Strategies for selective preconcentration and online collection 

In this work, repeated microchamber structures have been employed, since (1) 

they can suppress unexpected expansion of the ion depletion zone and vortices, (2) 

the electric field varies strong/weak repeatedly for easy trapping and (3) they can cut 

the tail of preconcentrated plugs for clear visualization. Both experimental and 

numerical analysis for supporting this structure are as following. 

We analyzed the preconcentration behavior for various microchannel geometries. 

As shown in Figure 3.1(A), molecules were highly preconcentrated near the 

boundary of the ion depletion zone in a straight channel, while the preconcentrated 

plug kept propagating toward the reservoir along the boundary of the depletion zone. 

Because of the following extraction system, pinning the location of plugs was critical 

issue in our system and we had tried to resolve this by manipulating the strength of 

electrical field using various microchannel geometries such as funnel and narrow  
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Figure 3.1 Preconcentration operation in (A) straight microchannel, (B) funnel 

microchannel and (C) narrow microchannel. 
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shape. In a funnel channel, a preconcentrated plug was arrested at the boundary of 

the depletion zone which stopped expanding at the site where the channel starts to 

diverge. However, the second preconcentrated plug dispersed significantly as shown 

in Figure 3.1(B).  

In order to obtain steeper gradient an electric field,26 a narrow structure was 

designed as shown in Figure 3.1(C). It was found that a narrow channel close to the 

nanojunction curbed the ever-expanding depletion zone, i.e. stabilizing (or pinning) 

the depletion zone. Therefore the preconcentrated plug, which moved along the 

expanding depletion zone otherwise, pinned at each balanced site since the depletion 

zone was confined. Also, repeating narrow and wide channels impeded the 

dispersion and diffusion of the preconcentrated plug. To be specific, the difference 

of electric field in a narrow and a wide channel engendered the difference of velocity 

in each channel, which facilitated the efficiency of separation.  

Therefore the repeated chamber structure is supposed to have superior 

performance in terms of stability, cutting off tails out of Gaussian distributed plugs 

and helping extraction strategy. Following theoretical analysis showed that the 

electrical field formed at narrow section was significantly amplified so that it can act 

as an energy barrier to distinguish dyes. In addition, the chamber structure can 

effectively prohibit the expanding depletion zone by restricting vortices in the 

chamber.  

For investigating the effect of repeated chamber structures, numerical simulations 

were conducted by COMSOL Multiphysics 4.4 as a commercial FEM (finite element 

method) tool. Because the ICP layer is highly nonlinear region, it is difficult to ensure 

the convergence and the stability of numerical solutions. To resolve the critical 

problem, the local electroneutrality (cation concentration is equal to anion 

concentration in whole domain) was adopted.22a Namely, thin double layer 

approximation and ideally cation-selective membrane were chosen to reduce the 

computational cost. Under the local electroneutrality constraint, independent 
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variables such as ion concentration (c), electric potential (), pressure (p), and flow 

fields (u) were governed by the diffusion-convection equation, the current 

conservation, the continuity equation, and the Stokes equations.22b ICP phenomena 

in a straight channel (4 mm in length and 150 m in height) and a repeated chamber 

structure (using same geometry of experiments) were analyzed by the governing 

equations. For the numerical stability, the voltage configurations at inlet and outlet 

were set to be 5 V and 3.3 V which were enough to generate the ICP phenomena 

inside the microchannels. The concentrations at inlet and outlet were fixed to the 

bulk concentration. The flow conditions at the boundaries were set to be a zero-flow 

rate due to pressure balance between two reservoirs.27 We assumed that the 

microchannel walls have uniform zeta potential of -100 mV of which value is usual 

condition on PDMS surface.28 

The simulation results were depicted in Figure 3.2. First of all, the repeated 

chamber structures are able to effectively confine the ion depletion zone (dark blue 

region) in comparison to the straight channel as shown in Figure 3.2(A). This means 

that the ICP layer in the repeated chamber would be stabilized because the flow 

instability generated by concentration fluctuation4 occurs only inside the first 

chamber where nanojunction was installed. This is helpful to obtain the stable 

preconcentrated plug after the first chamber. As depicted in Figure 3.2(B), the 

strength of electric field was changed monotonically in the longitudinal direction of 

the straight channel while the strength was altered pseudo-periodically for the 

repeated chambers. Electric potentials obtained from the electrical field strength 

were schematically illustrated in Figure 3.2(D). While monotonically increased 

electric potentials were observed in straight microchannel (red line), there was a 

(almost) plateau inside microchamber with steep changes in narrow regions (blue 

line). A charged species would be immobilized in this plateau region. Due to the 

pseudo-periodic electric field and the plateau of electric potential, the 

preconcentrated plug would be easily trapped in each chamber. Lastly, fast vortices 
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Figure 3.2 Numerically simulated ICP layer for (A) concentration distribution, 

(B) electrical field and (C) flow field. (D) Schematic illustration for electric 

potential near the microchamber. 
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were confined in the first chamber so that stable flow fields were generated beyond 

the chamber (Figure 3.2(C)). Thus, the alterations of ICP layer by the repeated 

chambers would provide effective mechanisms for a stable selective 

preconcentration. 

 

3.1.2 Preparation of PDMS microchips 

Figure 3.3(A) showed the microscopic image of the multilayered selective 

preconcentration device with pneumatic valve system. We implemented 

microchamber structures repeatedly to suppress fluidic instability and differentiate 

the flow velocity within a single channel. Buffer channel was connected to the main 

channel with a perm-selective Nafion membrane. The depth of all microchannels 

was fixed to 15 m and three microchambers (150 m X 150 m) were connected 

by 15 m X 225 m microchannel as shown in Figure 3.3(A). At the right most 

microchamber, a microchamber with the same size was upwardly connected to 

collect isolated preconcentration plugs. There were fundamental and practical 

reasons to set the narrow height as 15 m. In current design, the microchamber 

structure has the repeated height of 150 m (wide height) and 15 m (narrow height) 

in order to keep 10 : 1 ratio. The numerical simulation taught us that 10 : 1 was 

enough to focus the electric field and keep the position of the plug. Here, the wide 

height over 150 m would give disperse preconcentrated plug so that we set the 

maximum wide height as 150 m. The practical reason was that a mask resolution 

under 15 　m cost 5 times more expensive than the mask resolution over 15 m, 

leading to a hurdle for commercialization. By both reasons, we kept 150 m : 15 m 

in current design. A rib-shaped channel was also subsequently connected to be used 

as a measurement window. Microvalves (the width and height were 290 m each) 

were designed to cover 4 locations as indicated with red ink in Figure 3.3(A). Note 

that each microchamber could have its own collection channel depending on the  



 

27 

 

  

Figure 3.3 (A) Microscopic view of the selective preconcentration device. The 

microchannels in the ICP layer were indicated with blue and the microchannels 

in the valve layer were indicated red. (B) An exploded view of the device with (i) 

a valve layer, (ii) an ICP layer and (iii) a Nafion patterned slide glass. (C) 

Assembled multilayered online selective preconcentration device. 
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location where target analytes were preconcentrated. However, in this work, we 

designed the device with only one collection channel to show the possibility of 

achieving the collection of selectively preconcentrated dyes. If one would like to 

collect dyes from different microchambers, one could install additional collection 

channels to the microchamber. 

The first layer as shown in Figure 3.3(B)-(ii) is an ICP layer where selective 

preconcentration occurred. This thin layer is followed by valve layer as shown in 

Figure 3.3(B)-(ii) which blocks the ICP layer pneumatically. The thickness of the 

layer between an ICP channel and a valve channel is 10um and it is thin and elastic 

enough to block the ICP layer when air comes in. Fabrication methods were 

described as follows. A 4-inch wafer was spun to coat 15 m layer of SU-8 2015 

photoresist (MicroChem. Inc, USA) at 500 rpm of 10 seconds (pre-spinning) and at 

3250 rpm for 30 seconds (spinning). After 3 minutes of soft bake at 95 ˚C, the layer 

was exposed two times to ultraviolet (UV) of 365 nm wavelength for 23.3 seconds 

(400 mW) using a mask aligner. Post bake was for 4 minutes at 95 ˚C, then was 

soaked in isopropyl alcohol (IPA) for 3 minutes. For easy detachment of the PDMS 

device, trichloro(1,1,2,2- perfluorooctyl)silane was applied to the master wafer with 

a vacuum assisted deposition desiccator. PDMS base and curing agent (Sylgard 184 

Silicone elastomer kit, Dow Corning, USA) were mixed at 10 : 1 ratio and desiccated 

in a vacuum pump for 1 hour to remove air bubbles. The mixed solution was poured 

onto the master and cured in room temperature overnight for the valve layer (Figure 

3.3(B)-(i)), preventing alignment error due to thermal shrinkage. For the ICP layer, 

the mixed solution was poured onto the patterned 4-inch wafer and spun at 1500 rpm 

for 300 seconds (JSP4A, JD Tech, Korea) to coat 25 m PDMS layer (Figure 3.3(B)-

(ii)). Then, the coated wafer was placed on a hot plate for 30 minutes at 95 ˚C. The 

PDMS replicas were peeled off from the master and the inlet and outlet holes were 

punched out. A polymeric nanoporous material, Nafion (20 wt% resin, Sigma 

Aldrich, USA), was used for the nanojunction between the microchannels. A single 
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strip of Nafion (100 m wide and 1 cm long) was patterned on a slide glass using a 

PDMS piece that has a single straight microchannel and was heated at 95 ˚C for 

evaporating solvent after removing the PDMS piece (Figure 3.3(B)-(iii)).18 Then, 

each layer was bonded to the Nafion patterned slide glass by oxygen plasma bonder 

(Femto Science, Korea) under an alignment through the stereo microscope (SZ61, 

Olympus, Japan) creating a multilayer device. Final assembled micro/nanofluidic 

device is shown in Figure 3.3(C).  

 

3.1.3 Materials and reagents 

Fluorescent dyes were used for observing preconcentration efficiently, which is 

Sulforhodamine B (Sigma Aldrich, USA), Alexa Fluor 488 (Invitrogen, USA), 

Alexa Fluor 532 (Invitrogen, USA), and CoroNa Green (Invitrogen, USA). Figure 

3.4 describes chemical structure of each molecule. As shown in Table 3.1, 

sulforhodamine B (SRB) has -1 net charge, and its color is orange color because its 

maximum absorption wavelength is 565 nm and its maximum emission wavelength 

is 586 nm. In the case of Alexa Fluor 488 (Alexa 488) and Alexa Fluor 532 (Alexa 

532), they have the same -2 net charge but each color is different since they have 

different absorption wavelength (~495 nm and ~532 nm for each) and emission 

wavelength (~519 nm and 554 nm for each). CoroNa Green has zero net charge and 

it absorbs light near 492 nm wavelength and emits cyan-green color light with 516 

nm wavelength. 

In the experiment of selective preconcentration and online collection, 5 mM KCl 

solution (Sigma Aldrich, USA) was used with addition of fluorescent dyes for a 

main channel solution. Their separation and preconcentration dynamics were able to 

be measured and identified with two different fluorescent colors of orange (SRB) 

and green (Alexa 488). The concentration of sulforhodamine B was 24.14 nM and 

that of Alexa 488 was 0.90 M. For a buffer channel solution, 100 mM KCl was 

used to minimize a voltage drop in the buffer channel. The ICP operation has been 
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Figure 3.4 Chemical structure of (A) Sulforhodamine B, (B) Alexa Fluor 488, 

(C) Alexa Fluor 532, and (D) CoroNa Green. 
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Dye Color
Absorb

[nm]
Emit
[nm]

Net
charge

Sulforhodamine B orange 565 586 -1

Alexa Flour 488 cyan-green 495 519 -2

Alexa Fluor 532 green 532 554 -1

CoroNa Green cyan-green 492 516 0

Table 3.1 Chemical and physical properties of Sulforhodamine B, Alexa Fluor 

488, Alexa Fluor 532, and CoroNa Green. 
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well performed in high salinity samples over 100 mM.23, 29 In this work, 5 mM KCl 

was chosen under assumption that the real sample could be post-processed such as 

removing large molecules and cells (dilution). In such case, the solution of 5 mM 

concentration would be a proper standard model. 

In the experiment of dynamics in preconcentration mechanism, 1 mM KCl 

solution was used for each main channel and buffer channel. The concentration of 

sulforhodamine B, Alexa 532, and CoroNa Green was 25 nM, 0.5 M, and 34 M 

for each.  

 

3.1.4 System operation method 

Chemical samples were loaded into the main and buffer microchannel by applying 

positive pressure from each inlet reservoir. Ag/AgCl electrodes were inserted into 

the inlet and buffer reservoirs on the device and connected to a power supply 

(Keithley 6517 and Keithley 238, Keithley Instruments, USA). For applying the 

electric field, an independent voltage control was required on each of the four 

reservoirs. For the continuation on separation and preconcentration, 60 V and 90 V 

were applied to the left and the right reservoir of the main channel, respectively, 

while the reservoir of the buffer channel was grounded. The motions of fluorescent 

dyes were tracked by an inverted fluorescence microscope (IX53, Olympus, Japan) 

and recorded by CellSens (Olympus, Japan) computer program. 

A compressor (Gfrog, Stylex, Korea) as a pressure source was connected to 4 mini 

solenoid valves (SY 3120, SMC pneumatic, Korea) and a polystyrene tube connected 

a solenoid valve and an inlet of valve layer in the PDMS device. Before the 

connection, DI water was filled into the microchannels of valve layer to reject air 

bubbles into the ICP layer. In order to manipulate the pneumatic microvalves 

automatically, a customized LabVIEW code (National Instrument, USA) and a DAQ 

board (USB-DAQ 6341, National Instrument, USA) were used. The valve operation 

consisted 3 steps as shown in Figure 3.5. Step 1 (ICP preconcentration): valve 1 was  



 

33 

 

  

Figure 3.5 Microscopic images of 3-step valve control sequence: Step1 - ICP 

preconcentration to form a highly concentration plug, Step 2 - isolation of a 

highly preconcentrated plug at specific microchamber, and Step 3 - collection of 

the highly preconcentrated plug into upward channel. 
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closed when selective preconcentration was in process. Step 2 (isolation): when the 

targeted preconcentration plug reached the microchamber which was connected to 

the side channel, valve 1 was opened and valve 2 and 4 were closed to isolate the 

sample plug from the main channel. Step 3 (collection): then, by closing valve 1 and 

3 while valve 2 and 4 were still closed, the isolated plug was squeezed into the 

measurement window. Fluorescent dyes diffused into a larger area and the 

fluorescence intensity was analyzed without being saturated. By leaving valve 1 

closed and others opened, the whole 3-step process cyclically repeated for further 

collections. One can control the duration of Step 1 to obtain a different 

preconcentration ratio. Three microchambers with valves were basic building blocks 

under our current system. If more than 2 analytes are needed to be preconcentrated 

and separated, the number of microchambers and valves could be added. To do this, 

the number of microchamber should be larger than the number of analyte. For a 

different kind of dyes rather than SRB and Alexa, one can tune the electric field to 

fill targeted microchamber at one's discretion. Here the three-microchamber system 

was enough for selective preconcentration of 2 dyes regardless of the types of dye. 

 

3.2. Experimental setup 

3.2.1 Demonstration of selective preconcentration 

Figure 3.6 demonstrated that two different dyes were simultaneously 

preconcentrated and separated over time. Without electric field along the 

nanojunction, no fluorescent dyes were observed in the channel because the initial 

concentrations of dyes were too low to be detected. As we applied 90 V for VHIGH 

and 60 V for VLOW on each end of the main channel with grounded buffer channel, 

ICP was triggered nearby the membrane. Micro air bubbles could be generated at 

the electrode surface with O(10) nA operation currents. Even with these relatively 

high applied voltages, most of electrical potential was dropped inside the ion 

depletion zone. In addition, because the electrodes were inserted at the reservoirs 
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Figure 3.6 Time-lapse images of selective preconcentration of SRB and Alexa 

488. High Concentration ratio was represented by the brightness of fluorescence. 

Since the physicochemical properties of two dyes were different, they were 

preconcentrated at different locations. 
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which located far from the nanojunction and the reservoirs were opened to ambient 

atmospheric pressure, the bubble at the electrode surface can float and disappear into 

the air so that the selective preconcentration operation was not interfered by the 

bubbles. As reported in previous researches,4 the ion depletion zone caused 

significant and dynamic perturbation in a local ion concentration and in an amplified 

electric field near the membrane along with the generation of strong electrokinetic 

flow. The high electric field gradient at the boundary of depletion zone rejected the 

penetration of charged molecules into the ion depletion zone so that both dyes 

stacked and detected at the boundary.15 At the beginning of selective 

preconcentration, both dyes were preconcentrated in the microchamber 1. After the 

ion depletion zone became stabilized over time, the preconcentrated plugs of two 

dyes with different mobility were separated with a separation resolution30 of 1.75. 

We have adopted the definition of the separation resolution as RS = (peak to peak 

distance)/(average width of bands) leading to RS of 1.75 (525 mm/((450 mm + 150 

mm)/2)). This number indicates a perfect separation (i.e. no overlap) in case of 

Gaussian distribution. While there has been no exhaustive theoretical analysis on this 

selective preconcentration process, the mechanism of selective preconcentration was 

empirically analyzed using force balance.11, 31 The force is mobility times particle 

velocity32 so that we would like to discuss the balance in terms of force rather than 

mobility, since the size of molecules (~1 nm) were similar. This separation was 

drawn by the equilibrium between an electroosmotic drag force and an 

electrophoretic force as described in Figure 5. 11 According to an experimental 

observation shown in Figure 3.6, Alexa 488 (green) moved toward the right reservoir, 

while SRB (orange) stayed near the depletion zone boundary. Since Fdrag is mainly 

determined by R which is almost the same for SRB and Alexa 488, the value of net 

charge played a key role in determining the equilibrium positions balanced by Fdrag 

and FEP. This argument was in line with the experimental result since the net charge 

of SRB and Alexa 488 is -1 and -2, respectively. 



 

37 

 

3.2.2 Stabilization of selective preconcentration 

While the phenomenon of different equilibrium positions of molecules with 

different mobility has been already reported in previous researches,11, 31 one strong 

plug and one smaller plug in parabolic shape were reported and the locations of 

preconcentrated plugs were always unpredictable due to the strong instability by 

local amplified electric field near the nanojunction,4 instead of stably generated plugs 

with high concentration. Therefore, it was important to control the positions of the 

concentrated sample plugs and to stabilize the ion depletion zone. In our system, the 

repeated narrow and wide channels were able to stabilize the depletion zone by 

restricting the expansion of vortices and strong electrokinetic flows in the ion 

depletion zone,17b-d, 19, 26 thereby forming a plug at desirable positions. The repeated 

microchamber structures were able to effectively confine the ion depletion zone in 

comparison to the straight channel. This meant that the ICP layer in the repeated 

chamber would be stabilized since the flow instability was generated by 

concentration fluctuation33 only inside the first chamber nearby nanojunction. Also, 

due to the pseudo-periodic electric field and the plateau of electric potential, the 

preconcentrated plug would be easily trapped in each chamber. Consequently the 

control of each accumulated molecules' location became simple and tailing effect 

was reduced. This alternating geometry also differentiated the velocity of the fluidic 

flow at the boundary between the narrow and the wide channel, and therefore, it 

increased the efficiency of separation and helped the membrane microvalve system 

for further blocking and squeezing of the analytes. 

 

3.2.3 Quantitative analysis for separation and preconcentration 

efficiency 

The selective preconcentration was quantitatively analyzed by measuring pixel 

intensity with fixed exposure time. The intensities of the original sample and 

reference solutions at different concentrations were compared to accurately measure 



 

38 

 

the preconcentration ratio, since the pixel intensity was not linearly proportional to 

the concentration of dyes. As shown in Figure 3.7, the average pixel intensities of 

dyes increased in each microchamber in order. The both dyes (Alexa 488 + SRB) 

were rapidly preconcentrated in the microchamber 1 from the initial to 10 minutes. 

From 10 minutes to 25 minutes, the green plug (Alexa 488) moved to the 

microchamber 2 while the intensities of the plugs simultaneously increased. This 

agreed with the microscopic image in Figure 3.6 that the orange plug (SRB) stayed 

in the microchamber 1, while the green plug (Alexa 488) moved to the microchamber 

2. After 25 minutes, the green plug (Alexa 488) moved to the microchamber 3, while 

the average pixel intensity of the microchamber 2 sharply diminished. In this point, 

the average pixel intensity of the microchamber 2 did not decrease to zero. This was 

because the orange plug (SRB) was saturated in the first microchamber so that it 

went on to the microchamber 2. In the microchamber 3, the average pixel intensity 

reached up to 98.2, which denoted that the green plug (Alexa 488) was 

preconcentrated above 100-fold since the average pixel intensities of 10X, 50X, and 

100X concentrations of Alexa Fluor 488 were 12.9, 58.9, and 95.3 respectively. 

After 30 minutes, the repeated microvalve operations were started, showing severe 

fluctuations and this part will be discussed later. In previous researches, the two 

separated plugs have been distinguished only by their positions since only one dye 

was tagged for two or more different kinds of molecules.11, 31 Compared to these 

works, RGB color profile was rigorously investigated to validate the separation of 

two molecules. Since the emission from SRB has both red and green color, it was 

efficient to measure color intensities from microchamber 3 as the indicator of 

separation, where only Alexa 488 dye was preconcentrated. Since the pixel 

intensities of blue and red were almost the same, only red and green colors were 

discussed. The color profile of 100-fold reference solution of Alexa 488 at 0.90 mM 

was 33.28 in red and 219.76 in green under the exposure time of 300 ms. As shown  
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Figure 3.7 Overall fluorescence intensity tracked in each microchamber as a 

function of time. Dotted line, dashed line and solid line represented the mixture 

of SRB with Alexa 488, only SRB and only Alexa 488, respectively. Three 

different colors indicated the pixel intensity of each microchamber (black for 

microchamber 1, red for microchamber 2 and blue for microchamber 3). The 

concentration ratio of selectively preconcentrated Alexa 488 in microchamber 3 

exceeded 100-fold, maintaining the preconcentration factor high enough in 

repeated valve operations. 
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in Figure 3.8, the pixel intensity of the microchamber 3 in the main channel was 

223.20 in green and 31.17 in red at the operation time from 25 minutes to 30 minutes, 

which agreed with the reference values of the 100-fold, meaning that the majority 

occupying the microchamber 3 was only Alexa 488 dye. In addition to this, the color 

profile of the microchamber 1 (Figure 3.9) contained high value of red color which 

was not found in the microchamber 3 as shown in Figure 3.8. The ratio of red and 

green color was reversed at 10 minutes and maintained around 2 : 1 from 25 minutes 

to 30 minutes in the microchamber 1. Since SRB was dominant in the original 

solution (SRB at 24.14 nM + Alexa 488 at 0.90 M) and its red/green ratio was 2 : 

1, we concluded that the microchamber 1 was solely occupied by SRB after 25 

minutes. This color profile measurement provided an accurate platform to measure 

the separation efficiency between two dyes with different mobility. 

 

3.2.4 Collection of preconcentrated plugs by valve system 

As the operation continued further, the preconcentration factor increased 

accordingly. However, subsequent process using selectively preconcentrated 

analytes was difficult since the selective preconcentration was performed while the 

background solution freely flows in a single channel. Besides, a subsequent on-chip 

process which should exclude electrical operation was inapplicable because the plug 

drastically dispersed as shown in Figure 3.10(A) when the applied voltage was 

turned off. To resolve this problem, a plug was required to be isolated and transported 

to another site, while the preconcentration ratio maintained without loss for either 

on-chip or off-chip applications. This was able to be realized using pneumatic 

microvalve system. To guarantee the role of valves to block the plug from the 

original sample channel, the extent of dispersion was compared between the cases 

of valve OFF and valve ON as described in Figure 3.10(A) and (B).  

The valves were operated in a repeated cycle as described in Figure 3.5 to collect 

the selectively preconcentrated plug into the side channel. In a cycle, the plug was 
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Figure 3.8 Red/green color profile in microchamber 3, showing the 

microchamber 3 only had Alexa 488. 
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Figure 3.9 Red/green color profile in microchamber 1, showing the 

microchamber 1 only had SRB. Fluctuations after 30 minutes in all plots showed 

that the preconcentration factor maintains over 50-fold along the cyclic valve 

operations. While the error bars were omitted for clear visibility, the tests were 

conducted at least 10 times with different devices for the repeatability and 

reliability. 
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Figure 3.10 Time-lapse images showing the dispersion of isolated plug when the 

valves were (A) OFF and (B) ON. 
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isolated from the original sample solution and squeezed up into the side channel. To 

analyze the preconcentration factor achieved from the process, a rib-shaped 

measurement window was installed in the middle of the side channel. This 

measurement window was designed for metering how high the preconcentration 

ratio would be achieved through the process. In the meantime, the measurement 

window had larger area than the side channel itself so that it had low fluidic 

resistance and the side channel connected to an open reservoir to atmospheric 

pressure, allowing subsequent processes without any disturbance. As shown in 

Figure 3.11(A), no fluorescence intensity was observed in the measurement window 

at t = 0, because the measurement window was initially filled with sample solution. 

By the first valve operation, the pixel intensity of measurement window already 

exceeded 10-fold of the initial concentration of Alexa 488 as plotted in Figure 

3.11(B). With repeated valve operations, the concentration of collected plugs in the 

measurement window continuously increased so that the concentration reached over 

30 times of the initial concentration after the sixth operation. After the ninth 

collection, it was observed that the measurement window was fully filled with green 

dyes. After this point, a diffusive mixing would not occur anymore. The error bars 

decreased and the signal saturated according to the number of valve operation, since 

we measured area averaged fluorescent intensity in whole measurement window. It 

led largest error bar at the 1st collection because the window was not fully filled with 

the dye. 

The preconcentration factors of each Step 1 in repeated cycles were maintained 

high enough to continuously increase the pixel intensity of the measurement window. 

Figure 3.7 also supported this result. In the Figure, the valves were repeatedly 

operated in the same cycle with the interval of 2 minutes after 30 minutes of 

selectively preconcentrating operation. When the analytes in the microchamber 3 

were isolated by valves and moved up into the side channel, the pixel intensity of the 

microchamber 3 was zero. The intensity of microchamber 3 increased again with the  
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Figure 3.11 (A) Snapshots of repeated valve operations collecting selectively 

preconcentrated plugs. Compared to the initial state, the measurement window 

was being filled with green dye (Alexa 488) over several valve operations. (B) 

Average intensity change in the measurement window over number of repetition 

of valve operations. The average intensity exceeded 10-fold in a single valve 

operation, and 30-fold after nine operations. Note that there was no SRB in the 

measurement window. 
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next preconcentration operation for 2 minutes. The concentration of Alexa in the 

microchamber 3 was maintained over 50-fold for all valve operations. The upheld 

high preconcentration ratio of collected sample was led by stable and reproducible 

valve operations. Since microvalve systems squeezed the preconcentrated plugs by 

mechanical force, the mechanism of the collection process barely agitated the 

external electric field. 

 

3.2.5 Three kinds of analyte 

For being used in practical applications, solutions mixed with various kinds of 

molecules should be considered. Therefore, it is need to confirm that multiple 

components with different physicochemical properties in solution can be 

simultaneously preconcentrated and separated under ion concentration polarization. 

Note that molecules dealt with in this experiment are negatively charged since only 

cation-selective membrane was used. In conventional methods using ion 

concentration polarization, there are few demonstrations reported which selectively 

preconcentrated more than two kinds of analyte.5, 11 However, in the studies, 

separated plugs were observed but it is not confirmed whether each plug is composed 

of single kind and the order is from high mobility to low mobility. Thus, it is need to 

investigate more in to confirm that multiple components can be simultaneously 

preconcentrated and separated under ion concentration polarization in order of the 

magnitude of mobility. 

Figure 3.12 shows simultaneous preconcentration and separation of three different 

kinds of analyte, which are SRB, Alexa 488, and Alexa 532. Tangential electric field 

was generated with 45 V and 70 V for each low voltage and high voltage. This 

voltage configuration was empirically adjusted for effective selective 

preconcentration. When the voltage was applied, ion depletion zone was developed 

and three dyes were preconcentrated at chamber 1. After 70 s, only the 

preconcentrated plug of Alexa 488 propagates to chamber 2. After 160 s, Alexa 532  
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Figure 3.12 Time-lapse images showing the selective preconcentration of SRB, 

Alexa 532 and Alexa 488. Three different dyes were simultaneously 

preconcentrated and separated. 
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was separated from SRB and moved to chamber 2. In this point, the chamber 2 was 

occupied with Alexa 488 and Alexa 532. Around 5 minutes, Alexa 488 in the 

chamber 2 started to move to chamber 3 while Alexa 532 stayed still in the chamber 

2. Consequently, three different dyes were successfully separated while the 

concentration of each preconcentrated plug was increased. As separated three plugs 

moved toward the reservoir with high voltage due to electrophoretic mobility, the 

plugs were not mixed over time.  

The concentration ratio of each dye was quantitatively investigated through 

examining pixel intensities. In the case of Alexa only green pixel intensity was 

examined as shown in Figure 3.13. Alexa 488 was preconcentrated up to nearly 30-

fold in chamber 1. However, as Alexa 488 dye moved to the next chambers, the 

concentration of preconcentrated plug became decreased. Also, the slop of the pixel 

intensity decreased, which means that the preconcentrated plug dispersed along with 

the movement. Figure 3.14 represents green pixel intensity with the reference line of 

Alexa 532. It showed that the concentration of Alexa 532 increased as it moves to 

the next chambers. Although the initial concentration of Alexa 488 and Alexa 532 

was the same in the main channel solution, the tendency turned out to be completely 

different. As it was in the case of Alexa 488, the plug of Alexa 532 was also dispersed 

as it moved but the concentration ratio became increased and exceeded 100 times of 

initial concentration ratio after 20 min. It is interesting phenomenon requiring further 

investigation. In the case of SRB, only red pixel intensity was examined as shown in 

Figure 3.15 other than green and blue pixel intensity. Before moving to the chamber 

2, the concentration of SRB was increased almost 50-fold. Also, the concentration 

of SRB became gradually increased even after propagating to the next chamber. This 

means that dyes from the reservoir with high voltage were continuously 

preconcentrated in the first order over time even with the existence of the other two 

dyes.  
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Figure 3.13 Green pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of Alexa 532. A triangular marker, a 

rectangular marker, and a diamond marker, and x marker represent the green pixel 

intensity in microchamber 2, microchamber 3, microchamber 4, and 

microchamber 5, respectively. 
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Figure 3.14 Red pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of SRB. A circular marker, a triangular 

marker, a rectangular marker, and a diamond marker represent the red pixel 

intensity in microchamber 1, microchamber 2, microchamber 3, and 

microchamber 4, respectively. 
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Figure 3.15 Green pixel intensity tracked in each microchamber as a function of 

time with the intensity reference line of Alexa 488. A triangular marker, a 

rectangular marker, and a diamond marker, and x marker represent the green pixel 

intensity in microchamber 2, microchamber 3, microchamber 4, and 

microchamber 5, respectively. 
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3.2.6 Correlation between voltage configuration and separation time 

When different molecules are selectively preconcentrated, time to take for 

separation determines separation efficiency as well as separation resolution does. It 

is difficult to optimize voltage configuration for separating negatively charged 

molecules near cation-selective membrane to be fast with sharp separation resolution 

since increasing electric field reversely enhances the magnitude of electrophoretic 

force and electroosmotic force in an opposite direction. Therefore, investigation with 

different voltage values of VHIGH and VLOW is required to find optimal condition.  

In this part, 20 V, 30V and 40V were taken for VLOW, and 80 V, 90 V, 100 V, 110 

V, and 120 V were taken for VHIGH in order to find optimal condition by measuring 

time for separation and the extent of dispersion. Figure 3.16 showed representative 

three results among those voltage configurations. The difference (V) between VHIGH 

and VLOW is 100 V, 80 V, and 80 V for each but VHIGH which dominates the generation 

of depletion zone is 120 V, 100 V, and 110 V for each as shown in Figure 3.16(A) 

(case 1), (B) (case 2), and (C) (case 3). The fastest elapsed time was found in the 

case 1 with the voltage configuration of 20 V for VLOW and 120 V for VHIGH and the 

lowest elapsed time was found in the case 2 with the voltage configuration of 30 V 

for VLOW and 110 V for VHIGH.  

Different condition between the case 1 and case 2 only came from the fact that 

VHIGH in case 1 was higher than VHIGH in case 2. As shown in Figure 3.16(A) and (B), 

the separation speed of case 1 was faster than that of case 2, and the case 1 had lesser 

dispersion than the case 2 had. This result can be explained by conventionally known 

theories as mentioned in chapter 2. As the VHIGH increased, electrophoretic force and 

electroosmotic force on Alexa 488 simultaneously increased. Therefore, each 

magnitude of those two forces must have been greater in the case 1 than in the case 

2. The result of the case 1 revealed that the increase of the magnitude in 

electrophoretic force was dominant over that of the magnitude in electroosmotic 

force in those cases. This was evidenced by empirical phenomenon. Alexa 488  
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Figure 3.16 Time-lapse images of selective preconcentration of Alexa 488 and 

Alexa 532 with the voltage configuration of (A) VLOW for 20 V, VHIGH for 120 V, 

(B) VLOW for 20 V, VHIGH for 100 V and VLOW for 30 V, VHIGH for 110 V, 

respectively. The separation time of Alexa 488 from Alexa 532 takes longer in 

order of (A) to (C), respectively. 
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moved towards the reservoir with anodic electrodes faster in the case 1 than in the 

case 2. Consider the anodic channel as two parts divided by the location of 

nanojunction: a channel on VHIGH side and a channel on VLOW side. On the VHIGH side, 

significantly large voltage drop occurred in depletion zone which is very short-sized 

region comparing to the entire length of the VHIGH side. Therefore, considering 

average electroosmotic flow, the electroosmotic flow generated by the field on the 

VHIGH side in the case 1 and the case 2 would not much different from each other. On 

the VLOW side, the case 1 and the case 2 had almost the same electroosmotic flow 

since their values of VLOW are the same. The superposition of these two flows would 

give similar net electroosmotic flow in the case 1 and the case 2. In this point, the 

movement of equilibrium position in the case 1 comparing to the case 2, according 

to the theory in chapter 2, resulted from the increased magnitude of electrophoretic 

force on molecules. Secondly, other than the location of equilibrium point, dispersion 

tells the dominant effect of electrophoretic force.  

In the comparison of the case 2 and the case 3, however, it is not simply explained 

with the mechanisms mentioned in the chapter 2. In these two cases, increased VHIGH 

led the plugs dispersed as expected, but the separation speed became, surprisingly, 

slowed down, which is distinct aspect from the case 1 and case 2. To investigate 

which results this peculiar aspect, operation map was drawn of various kinds of 

voltage configuration as shown in Table 3.2. Figure 3.17 describes the map of the 

time for Alexa 488 to separate from Alexa 532 under each VLOW and VHIGH according 

to the voltage configuration in Table 3.2. It was shown that the difference between 

voltages of each reservoir in anodic side did not have typical tendency other than 

some optimal points such as the maximum and the minimum. This can be interpreted 

as another evidence that the selective preconcentration occurred under nonlinear 

regime under ion concentration polarization system. For now, it seems to be an 

utmost efforts to obtain operation map and search the optimum point between 

separation time and the extent of dispersion if one wants to find the optimal condition 
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VLOW [V] VHIGH [V] Separation time [s]

20

80 252.8

90 236.8

100 201.6

110 118.4

120 86.4

30

80 224.0

90 256.0

100 256.0

110 288.0

120 256.0

40

80 224.0

90 256.0

100 256.0

110 256.0

120 224.0

Table 3.2 Separation time values of Alexa 488 from Alexa 532 in a repeated-

chamber channel with different voltage configuration. 
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Figure 3.17 Operation map of the time for Alexa 532 to separate from Alexa 488 

under each VLOW and VHIGH. There exists the maximum point and the minimum 

point. 
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for efficient separation. 

 

3.2.7 Mobility-dependent preconcentration dynamics 

Considering the aspect of separation as shown in Figure 3.6 and Figure 3.16(B), it 

is evident that the preconcentrated location kept moving after enough time scale for 

the development of ion depletion zone. If only electroosmotic force and 

electrophoretic force are effective on the separation, two different molecules must 

have been preconcentrated at different location. However, the results above all 

showed that the preconcentration of different dyes occurred at the same location and 

one of them was separated later over time. To figure out unknown factor which can 

determine the equilibrium point of selective preconcentration, we adopted a simple 

device with a straight channel as shown in Figure 3.18.  

It was found that preconcentrated molecules interact with each other and this 

interaction affects the separation of the preconcentrated plugs. Figure 3.19 describes 

this phenomenon. SRB and Alexa 532 were used for confirming this mechanism in 

1mM KCl solution. 15 V was applied for low voltage and 30 V was applied for high 

voltage. As denoted in Figure 3.19(A) and (B), each preconcentrated plug had its 

own equilibrium point over time. Also, SRB began to preconcentrate right next to 

the depletion zone and was stacked over time while the preconcentration plug of 

Alexa 532 propagates to the reservoir of high voltage side. When these two dyes 

were mixed in a solution and preconcentrated under ICP as denoted in Figure 3.19(C), 

SRB was preconcentrated as it was in Figure 3.19(A). However, Alexa 532 appeared 

in a different way. Comparing to the preconcentration in Figure 3.19(B), Alexa 532 

in a mixed solution was preconcentrated backward to the reservoir with high voltage. 

Due to the existence of SRB, it seemed that Alexa 532 was pushed away by the 

preconcentrated plug of SRB. Since the net electric charge of SRB is -1 and that of 

Alexa 532 is -2, the electrophoretic mobility of Alexa 532 is greater than that of 

SRB. Although this cannot explain why SRB stacks near the boundary of depletion  
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Figure 3.18 (A) Schematic of device with straight channel. The length of main 

channel is ~6 mm. (B) Microscopic view of the device with straight channel. 
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Figure 3.19 (A) Time-lapse images of selective preconcentration of (A) SRB, 

(B) Alexa 532 and (C) SRB and Alexa 532 together as a function of time. The 

location of each plug along time scale in (C) differs from that of single kind plug 

in (A) and (B). 
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zone and Alexa 532 propagates far from the depletion zone, the order of 

preconcentration plugs can be explained with a new model depending on 

electrophoretic mobility. In other words, when two different molecules are mixed 

and preconcentrated under ICP, molecules with different electrophoretic mobility 

compete with each other for satisfying local electroneutrality in order to 

preconcentrate at the original location which is the same location in a solution with 

single molecules. Over time, molecules with lower electrophoretic mobility wins 

molecules with higher electrophoretic mobility, and preoccupies the location near 

the depletion zone, expelling the molecules with higher electrophoretic mobility. 

In order to investigate the new model more carefully, another dye named CoroNa 

Green which has neutral net electric charge was adopted. Figure 3.20(A) showed the 

normal preconcentration of CoroNa Green in the same condition with SRB and 

Alexa 532. As in SRB, this dye was also preconcentrated right next to the depletion 

zone and was stacked over time. Since the net charge of CoroNa Green is zero, it 

could be expected that SRB should lose in the competition and pushed toward the 

reservoir side with high voltage. In Figure 3.20(B), the experiment of mixed solution 

of SRB and CoroNa Green concurred with the expectation. The red image in Figure 

3.20(B) only detected SRB. It can be shown in the image that CoroNa Green 

preoccupied the location right next to the depletion zone and pushed SRB to the 

reservoir side in order to satisfy the local electroneutrality.  

 In the light of the new model, the preconcentration of three different molecules 

as in Figure 3.12 can be analyzed. In the result, SRB, Alexa 532 and Alexa 488 were 

preconcentrated, and separated in this sequence. Considering the net charge of each 

dye, -1, -1, and -2, respectively, the order of Alexa 488 seems to makes sense. 

However, SRB and Alexa 532 were separated although their net charges are the 

same. When particles are polarized, the electrophoretic mobility under nonuniform 

electric field depends on the dipole moment of the particles.34 However, the 

permittivities of this two dyes are smaller than that of water, which means that it is  
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Figure 3.20 Time-lapse images of selective preconcentration of (A) CoroNa 

Green and (B) CoroNa Green and SRB together as a function of time. The 

location of each plug along time scale in (C) differs from that of single kind plug 

in (A) and (B). 
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not high enough to be effectively polarized. Therefore, the separation cannot be 

explained by induced charge interaction. In consideration of dielectrophoresis, 

dipole interaction between dye molecules can be also ignored since the size of 

molecules is O(1) nm.35 Thus, it might be caused by the nonlinear interaction 

between particle transport and ambient flow field. 
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Chapter 4 

 

 

Conclusions 

 

 

This thesis presented and characterized a multilayer micro/nanofluidic device for 

selective preconcentration. The operating principle of the device was based on the 

high electric field gradient induced by ICP phenomenon. In the main channel, two 

opposing electrophoretic force and electroosmotic drag force exerted on the charged 

molecules were balanced depending on the physicochemical properties of the 

molecules. Importantly, the repeated microchamber structure suppressed the 

undesirable instability of the ICP operation, pinning the location where the 

preconcentrated plug was formed. With this device, SRB and Alexa were 

simultaneously separated and preconcentrated at the separation resolution of 1.75. 

By introducing pneumatic microvalves, dispersion due to the high concentration 

gradient was prevented, and Alexa plugs preconcentrated at 100-fold was able to be 

isolated from the main channel without the loss of the ratio during the cyclic valve 

operations. After all, 30-fold of Alexa was able to be collected in the measurement 

window. RGB signals from the preconcentrated analytes were rigorously analyzed 

for quantitative and qualitative separation efficiency, while previous researches 
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relied only on the position tracking of the molecules. Three different dyes were also 

preconcentrated and separated simultaneously. Through investigating the 

preconcentration of each dye, additional mechanism for preconcentration was 

revealed that interactions between different kinds of molecules affected the location 

of preconcentrated plugs for satisfying local electroneutrality depending on their 

mobility. Given the importance of extracting selective preconcentrated analytes, we 

expect that this mechanism and structure of the micro/nanofiuidic device would be 

a powerful tool for lab on a chip applications. 
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국문 초록 

 

이온 분극 현상을 이용하여 물리화학적 성질이 다른 전하를 띤 입자를 

선택적 분리 및 농축, 압출하는 다중층 마이크로/나노수력학 장치를 

제시하였다. 입자에 대한 전기삼투 마찰 힘과 전기 영동 힘의 균형을 

이용하여 sulforhodamine B와 Alexa Fluor 488 형광물질이 섞인 

샘플을 높은 농도로 선택적으로 농축하였다. 반복적으로 연결된 

마이크로챔버 구조의 마이크로채널은 형광입자를 원하는 위치로의 

농축을 가능하게 하였다. 농축된 물질의 칩(chip) 상의 혹은 칩 

외부에서의 연속적인 사용을 위하여, 마이크로 공압밸브가 결합되었고, 

주기적인 밸브 작동을 통하여 원하는 입자만 선택적으로 압출할 수 

있었다. 이러한 통합 시스템을 이용하여 sulforhodamine B가 섞인 

수용액으로부터 Alexa Fluor 488이 압출되었고, 1.75의 분리 분해능과 

30배의 농축비를 달성하였다. 또한 ICP 현상으로 일어나는 농축 

매커니즘을 탐구하여 모빌리티에 따른 분자간 부분적 전기중성을 

만족하고자하는 상호작용이 농축 플러그의 위치에 영향을 미친다는 것을 

밝혀내었다. 본 장치는 랩온어칩(Lab on a chip) 의 응용에 있어 향후 

중요한 요소로서 역할을 할 것이라 예상된다.  
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