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Abstract 

Electrical and Magnetic Control of Nanostructures for the Biochip 
Applications 

 

Dong Jun Lee 

Department of Biophysics and Chemical Biology 

The Graduate School 

Seoul National University 

 

In this dissertation, we report ways to modulate nanostructures using electrical 

and magnetic stimulation and their possible applications in biochip application. 

First, we report the development of “nano-storage wires” (NSWs), which can store 

chemical species and release them at a desired moment via external electrical stimuli. 

Here, using the electrodeposition process through an anodized aluminum oxide template, 

we fabricated multisegmented nanowires composed of a polypyrrole segment containing 

adenosine triphosphate (ATP) molecules, a ferromagnetic nickel segment, and a 

conductive gold segment. Upon the application of a negative bias voltage, the NSWs 

released ATP molecules for the control of motor protein activities. Furthermore, NSWs 

can be printed onto various substrates including flexible or three-dimensional structured 

substrates by direct writing or magnetic manipulation strategies to build versatile 

chemical storage devices. Since our strategy provides a means to store and release 
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chemical species in a controlled manner, it should open up various applications such as 

drug delivery systems and biochips for the controlled release of chemicals.  

Additionally, we report the development of ultra-fast enzyme-linked 

immunosorbent assay (ELISA) method through the utilization of magnetic capture and 

release cycle. Our system is largely consisting of two components; array of primary 

antibody labeled nickel patterns on the substrate and superparamgnetic nanoparticles 

functionalized with secondary antibody. Upon the application of cyclic magnetic field, 

the superparamgnetic nanoparticles are actively captured and released from the nickel 

patterns. When the superparamagnetic particles captures antigens present in the solution 

and deliver them to nickel patterns, interaction between the primary antibody-antigen- 

secondary antibody prevents the superparamgentic particles being released from the 

nickel patterns during the capture and release cycle. Through this mechanism, it was 

possible to detect the presence of antigen within 5 minutes. Since our strategy provides a 

means to reduce the detection time significantly, it should open up various applications 

such as development of ultra-fast biosensors and cargo delivery in biochips. 

Keywords: nanowire, polypyrrole, controlled release, printable, bioenergy storage, nano-

bio interface, superparamagnetic nanoparticles, detection time, enzyme-linked 

immunosorbent assay (ELISA), magnetic capture and release, biochip. 

Student Number: 2012-22515 
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Chapter 1. 

Introduction 

1.1 Biochips and Biosensors 

Figure 1.1 Conceptual diagram of the biosensing principle.[1]  

For the past few decades, biological and diagnostic field have witnessed great 

advances in the development of biosensors and biochips which can identify and quantify 

the target molecules. Conceptually, biosensors can be described as an integrated system 

of a biological recognition element and a transducer element. The commonly used 

biological recognition elements are DNA, RNA, antibodies and trans-membrane 

proteins.[1] Thanks to the unique 3D structure and the arrangement of diverse functional 
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groups in 3D space of these biomolecules,[2] they are capable of recognizing other 

chemical species or biomolecules with extreme sensitivity and selectivity which is 

unparalleled to the man-made machineries.[1] The transducer elements convert the 

recognition events detected by the upstream biological recognition element into a 

measurable form of signal. The most common form of transducer techniques involves 

optical measurements and electrochemical measurements.[3] For example, periplasmic 

binding proteins, which can recognize the target molecules specifically, are coupled with 

fluorescent dye. When the recognition events occur, the conformation of the protein 

changes which affects the local environment of the fluorescent dye. This results in the 

changes of the fluorescence property which in turn can be measured by an axillary 

spectrometer.[4] In surface plasmon resonance based biosensors, the binding of target 

molecules to the receptors causes change in the refractive index at the surface material 

which provides binding kinetics and concentration of target molecules.[5] In the 

development of electrochemical sensors for the proteins the gating effect of the field 

effect transistors (FETs) have been utilized as a means to detect the target protein 

molecules. For carbon nanotube-FET sensors, the change in the local charge distribution 

resulted from the proteins binding to the device serves to gate the current flow in the 

CNT channel.[6] 
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1.2 Application of Nanostructures in Biochip Applications 

Nanotechnology is playing increasingly important role in the development of 

biosensors and biochips. The utilization of nanomaterials improves the sensitivity and the 

performance of biosensors.[7] Numbers of different nanostructures such as nanowires and 

nanoparticles have been employed in field of biosensor and biochip developments. Many 

researches have studied a means to control the nanostructures. For example, magnetic 

field was used to control the localization and alignment of ferromagnetic nanowires 

which allowed fabrication of nanowire based FET transistor.[8] Additionally, ultrasonic 

wave and electric field was utilized to manipulate the movement of nanowires in the 

solution.[9] And also, the application of superparamagnetic nanoparticles in biosensing 

has been extensively studied.[7] In one example, magnetic nanoparticles functionalized 

with receptor molecules which allowed detection of target molecule through magnetic 

field-assisted aggregation.[10] 

 

1.3 Motivation 

Although there were number of impressive advances in the biochip and 

biosensor developments, there are some inherent limitations of current biosensor 

technologies yet to be resolved. The activity of protein molecules is inherently controlled 

by chemical molecules which act as activation signals or energy sources.[11] For 

example, biomotors require adenosine triphosphate (ATP) to generate force and motion in 

living cells.[12] Since the biochips[13,14] and biosensors[15,16] have been relying on 
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such interactions between proteins and chemical molecules, it is of great importance to 

develop technologies for the controlled release of signaling chemical molecules in the 

fabrication of devices relying on protein functionalities. Additionally, there was lot of 

effort to develop biosensors which can detect very low concentration of the target 

molecules. However, most of these detection strategies relied on passive diffusion of 

receptor and target elements for the recognition of each other. Therefore, the time 

required for the recognition increases dramatically as the concentration of the target 

decreases.[17] Thus it is of great importance to develop technologies to reduce the 

detection time in the development of biosensors. Herein, we develop technologies to 

actively control the biomolecules and transport the chemical and biological molecules 

through the utilization of electric and magnetic control of nanostructures. 
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Chapter 2. 

Nano-Storage Wires: Electrical and Magnetic Control of 
Nanowires 

2.1 Introduction 

The activity of protein molecules is inherently controlled by chemical molecules 

which act as activation signals or energy sources.[11] For example, biomotors require 

adenosine triphosphate (ATP) to generate force and motion in living cells.[12] Various 

applications such as biochips [13,14] and biosensors [15,16] have been relying on such 

interactions between proteins and chemical molecules. Thus, it is of great importance to 

develop technologies for the controlled release of signaling chemical molecules in the 

fabrication of devices relying on protein functionalities. [18-27] For example, the “caged 

ATP” method utilized UV-active compounds which can hold ATP and release it in the 

solution upon the exposure to the UV lights. [25-28] Also, various other methods such as 

conducting polymer-based devices [19-21] and microfluidic devices [22-24] been 

intensively studied for the controlled release of biochemical molecules. [18] However, 

these methods often suffered from various limitations. For example, previous methods 

can be utilized to control the biomolecular concentration over entire solution, but it is 

often very difficult to control the local concentrations of desired biomolecules.[29-31] 

And also, many of previous methods required macroscopic auxiliary devices [22, 25-30] 

such as pumps and UV-light sources which cannot be integrated into compact devices for 

nanomechanical systems. On the other hand, nanoparticles (NPs) [31-33] or nanowires 
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(NWs) [34-35] synthesized from the combination of various materials have been applied 

to drug delivery systems [31-33] or printable electrical devices [36,37] since the NPs and 

NWs can be guided to the desired locations by external forces.[36-40] However, 

nanostructures which can store and release specific chemicals upon electrical stimuli 

have not been developed yet. 

Herein, I developed “nano-storage wires” (NSWs) which can store chemical 

species and release them when stimulated by an external electrical bias. In this work, 

electrodeposition techniques [38,41] were utilized to fabricate multi-segmented NWs 

composed of a polypyrrole (PPy) segment containing chemical species such as ATP, a 

ferromagnetic nickel (Ni) segment, and a conductive gold (Au) segment. Due to the Ni 

segment, the NSWs could be drove and deposited onto specific regions on electrode 

surfaces via an external magnetic field. [38,39] The NSWs on the electrodes formed a 

good electrical contact with the electrodes via the Au segment, and they released 

chemical species from the PPy segment[38,42-44] by the external electric potential from 

the electrodes. As a proof of concept, I demonstrated the control of motor protein 

activities using NSWs containing ATP. I also showed that NSWs can be printed on 

flexible or even on 3D structured substrates to build chemical storage devices. Since the 

NSWs can store chemical species and release them at any desired moment via external 

stimuli, they can be utilized for various biochip applications such as the controlled 

delivery of drugs and other chemicals for the control of protein activities. [42] 
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2.2 Experimental Procedures 

 

 

Figure 2.1 Schematic diagram depicting the fabrication of NSWs. (a) Deposition of 

Ag onto an AAO template. 500 nm-thick Ag layer was thermally evaporated onto the one side of 

the AAO template to serve as a working electrode. (b) Electrodepostion processes of NSWs. The 

Au, Ni and PPy-ATP were electrochemically deposited in series. Yellow, blue and red segments 

represent Au, Ni and PPy-ATP segments, respectively. (c) Dispersion of NSWs into the solution. 

The Ag layer and the AAO template were removed by nitric acid and 3 M NaOH, respectively. (d) 
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Controlled release of ATP from a NSW by applying a negative bias voltage onto the NSW. The 

bias voltage of -2 V was applied to the NSWs to release ATP molecules in a controlled manner. 

Figure 2.1 displays process to fabricate NSWs and perform controlled release of 

ATP molecules. For the fabrication of NSWs, an anodic aluminum oxide (AAO, Anodisc, 

Whatman Inc., USA) membrane was used as a template. The pore size and the thickness 

of the AAO template were 200 nm and 60 µm, respectively. First, a 500 nm-thick Ag 

layer was thermally evaporated onto the one side of the AAO template.[41,45] Then, the 

AAO template was installed on a custom built Teflon electrochemical cell (diameter of 8 

mm) and immersed in Ag plating solution (Techni Silver 1025, Technic Inc., USA). An 

additional Ag layer was electrochemically deposited using a potentiostat (Reference 600, 

Gamry Instruments Inc., USA) at the bias voltage of -0.9 V. In this process, a platinum 

(Pt) wire with 1 mm diameter (I-Nexus Inc., Korea) was used as a counter electrode, and 

an Ag/AgCl electrode (MF-2052, Bioanalytical System Inc., USA) was used as a 

reference electrode. The desired Au (Orotemp 24, Technic Inc., USA) and Ni (High 

Speed Nickel Sulfamate FFT, Technic Inc., USA) segments were sequentially deposited 

at the bias voltage of -0.9 V. Finally, PPy-ATP segments were deposited using pyrrole-

ATP deposition solution (0.1 M pyrrole (Sigma Aldrich, USA) and 20 mM ATP (Sigma 

Aldrich, USA)) at the bias voltage of +0.9 V. After the completion of each deposition 

process, the electrochemical cell was thoroughly rinsed using deionized water. After all 

the electrodeposition processes, the Ag backing layer was removed using 70 % nitric acid 

(Sigma Aldrich, USA), and then the AAO template was dissolved in 3 M NaOH solution 

to disperse NSWs. The dispersed NSWs were centrifuged, and the supernatant was 
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replaced with deionized water at least three times. 

To characterize the NSWs, a field emission scanning electron microscope (FE-

SEM) (Hitachi 4800, Hitachi, Japan) was used for the imaging of NSWs. The 

composition of the each segment of the NSWs was analyzed by an energy dispersive X-

ray spectroscopy (EDS) (Hitachi 4800, Hitachi, Japan).  

The NSWs were deposited onto a specific location on a solid substrate using 

ferromagnetic Ni patterns. First, the photoresist (AZ 5214) was patterned on a cover glass 

via the conventional photolithography process, followed by the thermal evaporation of Ni 

(200 nm). Subsequently, the photoresist pattern was removed by immersing the substrate 

in acetone. Finally, the NSW solution was placed on to the Ni patterns, and an external 

magnetic field (50 mT) was applied in the perpendicular direction to the plane of the 

substrate using a solenoid until the solution was dried. 

For the ATP bioluminescence assay, the solution containing the NSWs was 

placed on a desired substrate (i.e., a Ti/Au (10/30 nm) coated glass slide), and the 

substrate was subjected to a vacuum chamber for 1 h to dry out the solution. The flow 

cell was constructed by covering the deposited substrate with a Ti/Au (10/30 nm) coated 

glass slide as a counter electrode and the 3M double-sided tapes was used as a spacer. 

The ATP bioluminescence assay solution (Sigma Aldrich, USA) was prepared as 

recommended in the provider’s manual. The assay solution was injected into the flow cell, 

and the negative bias voltage of -2 V was repeatedly applied for the release of ATP from 

the NSWs. The luminescence from the reaction was observed via fluorescence 
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microscopy (TE2000U, Nikon, Japan) at a FITC channel (EX 540/25, DM 565, 

BA605/55, Nikon, Japan).  

For the in-vitro motility assay of kinesin, NSWs were deposited on a Ti/Au 

(10/30 nm) coated glass substrate, and then a flow cell was fabricated. Afterwards, the 

flow cell was incubated with casein solution (0.5 mg mL-1 in BRB80 buffer) for 3 min. 

Then, it was incubated with bacterially expressed kinesin solution (0.2 mg mL-1 kinesin, 

0.5 mg mL-1 casein in BRB80 buffer) for 30 min. Microtubule solution containing 

rhodamine-labeled microtubules (0.1 µM tubulin), 20 µM Taxol, 1 mM dithiothreitol 

(DTT), anti-bleaching cocktail (3 mg mL-1 D-glucose, 0.1 mg mL-1 glucose oxidase, 

0.017 mg mL-1 catalase) and a redox mediator (3 mM ferrocene-dimethanol 

(Fc(MeOH)2)) in BRB80 buffer was introduced to the flow cell, and the flow cell was 

incubated for 3 min. Since the motility of the microtubule-kinesin system is temperature 

sensitive[46], the temperature was maintained at 35°C using a microscope incubation 

system (INU-TIZ-F1, Tokai Hit, Japan).  

For the fabrication of Single NSW-based devices, Ni/Au (200/30 nm) electrodes 

were fabricated first via the conventional photolithography process. [38] Then, the NSW 

solution was dropped on the Ni/Au electrodes. Finally, a magnetic field (50 mT) was 

applied in the perpendicular direction to the long axis of the linear Ni/Au electrodes in 

order to localize the individual NSW on top of two neighboring Ni/Au electrodes 

separated by 5 µm. 

For the Direct Writing of NSWs, Commercially available Ni-needles were 



16 

 

magnetized inside a solenoid (50 mT) and dipped into the NSW solution (1010 unit mL-1) 

so that a small droplet of the NSW solution was formed at its end. Then, the needle was 

installed on a probe-manipulator (MST-PM50, MS Tech., Korea) and utilized as a pen to 

directly write NSWs on a Ti/Au (10/30 nm) coated glass substrate. 

For the Fabrication of Flexible Devices, A commercially available Kapton 

polyimide film (0.2 mm, DuPont Inc, USA) was sonicated in acetone and then used to 

fabricate a flexible device. For the formation of a working electrode, Ti/Au (10/30 nm) 

layers were thermally deposited on the polyimide film. Subsequently, Ni line patterns 

with 100 nm thickness were fabricated on the top of the Ti/Au coated polyimide film. 

NSW solution (1010 unit mL-1) was dropped on the polyimide film, while a magnetic field 

(50 mT) was applied along the long axis of the Ni line patterns.  

For the fabrication of probe-type storage device, Borosilicate glass capillaries 

with an initial inner diameter of 1.2 mm and outer diameter of 1.5 mm (World Precision 

Instruments Inc., USA) were used as starting materials for the fabrication of 

micropipettes. A glass capillary was loaded on a vertical micropipette puller (PC-10, Nari

shige, Japan). The center of the glass capillary was pre-heated by applying 68 V and post-

heated by applying 48 V to the heater element of the puller. Then, the capillary was 

stretched to cut. After pulling the capillary, the surfaces of the micropipette was treated 

with Piranha solution (H2SO4 : H2O2 = 4:1). [47] The entire surface of the micropipette 

was covered with Ti/Au (10/30 nm) layers through several thermal evaporation process. 

Finally, the tip of the micropipette was dipped into the NSW solution (1010 unit mL-1) for 
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5 minutes so that NSWs adhere onto it. 

2.3 Characterization of Nano-Storage Wires 

Each segment of the NSWs was designed to carry out specific functions. 

The PPy-ATP segment has been utilized for the controlled release of ATP molecules. [19-

21] The Ni segment enables the magnetic localization of NSWs, [38,39] while the Au 

segment provides a good electrical contact with electrodes. When Ni is exposed to air or 

aqueous condition, the surface oxidation results in high contact resistance.[48,49] 

Therefore, the Au segment was incorporated to lower the contact resistance between the 

NSWs and the electrodes.[50] The detailed procedure for the NSW fabrication method 

can be found in the Materials and Methods section. In brief, 500 nm-thick silver (Ag) 

layer was thermally evaporated on one side of an anodized aluminum oxide (AAO) 

template (Figure 1a) to serve as a working electrode. [41] After the thermal deposition of 

an Ag layer, additional Ag was electrochemically deposited using a potentiostat to create 

a uniform working electrode for the deposition of NSWs. [45] The desired Au, Ni, and 

PPy-ATP segments were deposited in series (Figure 1b). Following the deposition, the Ag 

backing layer was etched using 70 % nitric acid,[51] and then the AAO was dissolved in 

3 M NaOH solution [40] to disperse the NSWs in the solution (Figure 1c). Here, only the 

Ag layer deposited on the side of the AAO template was exposed to the nitric acid, and 

the Au segment prevents the intrusion of the nitric acid to the Ni and PPy segments. It 

prevented potential damages to the ATP stored in the PPy parts. Furthermore, since the 

diffusion of small ions such as NaOH in the solution towards the core of the PPy matrix 
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is negligible, [52,53] the most of ATP molecules can be stored stably within the PPy 

segment. The dispersed NSWs were thoroughly rinsed with deionized water prior to the 

release experiments. Figure 1d shows a schematic diagram depicting the measurement of 

the real-time controlled release of ATP from a NSW. Here, the NSW as well as a counter 

electrode was placed in the solution of ATP bioluminescence assay kit containing 

luciferin and luciferase. When the negative bias voltage of -2 V was applied to the NSW, 

the PPy-ATP segment in the NSW expanded and released ATP. Due to the released ATP, 

the luciferin around the NSW was rapidly oxidized by luciferase, producing light. Thus, 

the observation of such light around the NSW by fluorescence microscopy can be an 
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indication of the ATP release from the NSW. [34]  

Figure 2.2 Characterizations of NSWs. (a) SEM image of a single NSW. The dark, 

intermediate and bright regions represent PPy-ATP, Ni and Au segments, respectively. (b) EDS 

spectra on the NSW. The blue, red, and green spectra correspond to position 1, 2 and 3 of the 

Figure 2a, respectively. (c) Growth length of each segment versus applied charges. (d) Schematic 

diagram depicting the localization of NSWs driven by magnetic fields. NSWs in the solution were 

attracted to pre-defined Ni patterns when external magnetic fields were applied. (e) SEM image of 

NSWs localized on Ni patterns. 

Figure 2.2a shows the scanning electron microscopy (SEM) image of NSWs. 

The NSW consisted of three distinct segments; dark, intermediate, and bright regions 

corresponding to PPy-ATP, Ni and Au segments, respectively. To confirm the chemical 

compositions of each segment, we performed the energy dispersive X-ray spectroscopy 

(EDS) (Figure 2.2b). Position 1 (POS1) of the NSW mainly consisted of carbon and 

oxygen, whilst Positions 2 (POS2) and 3 (POS3) contained Ni and Au, respectively. 

Strong Si peaks appeared in all regions since the NSWs were loaded onto a silicon oxide 

wafer for the EDS analysis. These EDS results clearly confirmed that our fabrication 

method allowed the synthesis of NSWs with discrete segments.  

Figure 2.2c shows the length of each segment with respect to applied charges 

during electrodeposition. The EDS analysis in the line scanning mode was conducted 

along the long axis of NSWs to investigate the precise lengths of each segment. The 

length of the each segment linearly correlated with the applied charges. The growth rate 
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was 14 nm/mC for the PPy-ATP segment, 0.9 nm/mC for the Ni segment, and 3.2 nm/mC 

for the Au segment (Figure 2.2c). This result implies that it is possible to control the 

length of each segment simply by controlling the applied charges during the 

electrodeposition process.  

Each segment in a NSW plays a role to extend the applications of the NSWs. 

The PPy segment stores chemical species such as ATP. The Au segment enables a good 

electrical contact between the deposited NSWs and the electrodes because Au does not 

form an insulating oxide layer on it. The Ni segment of the NSWs allows one to utilize 

magnetic fields to drive the NSWs and place them onto a specific location for device 

applications. As a proof of concept, I demonstrated the deposition of NSWs onto a 

specific location on a solid substrate using ferromagnetic Ni patterns (Figure 2.2d). [38] 

Here, Ni patterns (5 µm × 10 µm) on a silicon oxide wafer were placed in the dispersions 

of NSWs, and an external magnetic field was applied. In this case, the magnetic field 

around the Ni patterns became larger than other regions, and, thus, the NSWs were driven 

to the Ni patterns due to its magnetic segment. Figure 2.2e shows the SEM image of 

NSWs on ferromagnetic Ni-patterns. The NSWs were aligned and localized on the Ni-

patterns. This result indicated that the position and the alignment of individual NSW can 

be controlled by utilizing magnetic fields, which can be utilized to assemble complicated 

device structures for practical applications. 
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2.4 Controlling the Release of ATP and the Biomotor Activity via 
Electrical Stimuli 

 

Figure 2.3 Controlled release of ATP via electrical stimuli. (a) Fluorescence images of 

NSWs on Au substrate with (left panel) and without (right panel) the application of -2 V bias 

voltage. The ATP bioluminescence assay kit (luciferin/luciferase kit from Sigma Aldrich, USA) 

was used to detect the release of ATP.  (b) Graph of the fluorescence intensity with respect to 

time. The fluorescence intensity indicating ATP molecules was repeatedly increased and decreased 

with application and removal of -2 V bias voltage, respectively. The data were obtained from the 

NSWs in (a).  

Figure 2.3a shows fluorescence micrographs of NSWs with (left panel) and 

without (right panel) the application of bias voltages as described in Figure 2.1d. Without 

a bias voltage, NSWs appeared as dark regions (left panel). When a negative bias voltage 

was applied, the PPy-ATP segments expanded and released ATP into the solution. The 

released ATP stimulated the oxidation of luciferin around the NSW, producing lights 

(right panel). Note that although the released ATP could usually diffuse out over a long 
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distance in solution environments, [42] in this experiment, it reacted with nearby 

luciferase and luciferin immediately and generated fluorescence light only near the 

NSWs. This result clearly shows that our NSWs could store biochemical species such as 

ATP and release them by electrical stimuli. It also should be noted that the Au segments 

without oxide layers should have helped making a good electrical contact with the 

electrode surfaces. We performed a control experiment using a conducting AFM to 

estimate the effect of Au segments on the contact resistance of NSWs. The results show 

that the NSWs with Au segments had 600 times or lower contact resistance than those 

without Au segments.  

Figure 2.3b displays the fluorescence intensity of the NSWs as a function of 

time. The fluorescence intensity was averaged over the NSWs as shown in Figure 3a. The 

fluorescence intensity increased with the application of -2 V bias voltages, but it 

decreased abruptly with the removal of the bias voltages. The fluorescence intensity of 

NSWs confirmed that the PPy-ATP segment released ATP molecules when the bias 

voltage was applied, while it ceased to release when the bias voltage was removed. It 

should be noted that, upon the application of electrical stimuli, ATP molecules could be 

repeatedly released from the NSWs with a short response time.  
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Figure 2.4 Activation of NSWs after long term storage. (a) ATP bioluminescence 

assay Intensity from the deposited NSWs after 12 hour storage in dry condition. Here, NSWs were 

deposited on the Au substrate like in Figure 3a and stored in a dry condition for 12 hours. Then, 

the sample was placed in the bioluminescence assay and the bias voltage of -2V was applied to the 

NSWs. The results indicate the repeated release of ATP. (b) ATP bioluminescence assay Intensity 

from NSWs after the NSWs were stored in DI water at -20 °C for 2 weeks in prior to the 

deposition.  

It is also worth discussing the lifetime of the chemical species in NSWs. The 

lifetime of NSWs is expected to vary depending on the properties of stored chemical 

species and environmental conditions. In case of ATP, it can be easily destroyed when 

moisture in the PPy segment is completely removed. We could keep the deposited NSWs 

under dry environments over 12 hours and demonstrate the release of ATP (Figure 2.4a). 

However, we can expect that for a longer storage of ATP in the NSWs, the device should 

be stored in humid or wet environments. The ATP in NSWs is expected to be stored for a 

long time period at a low temperature just like other biological molecules. For example, 
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we could store the NSWs with ATP in the deionized water at -20 °C for 2 weeks and use 

them to release ATP (Figure 2.4b). 

Figure 2.5 Simulation results of ATP release from the NSWs. (a) Concentration of 

ATP released from deposited NSWs after electrical stimuli for 10s. The simulation was performed 

as described in Supplementary Note 1. (b) Graph of ATP concentration with respect to time. The 

red and black lines indicated the ATP concentration at the vicinity of the NSWs and at 5 µm away 

from the NSWs, respectively. 

We performed a simulation to estimate how much ATP can be stored in each 

NSW and can be released from it (Figure 2.5). In brief, the initial ATP concentration 

within a NSW was estimated as 0.81 M considering the dimension of NSWs and the 

concentration of the used chemical species. Then, the ATP release from the NSWs was 

simulated using a commercial finite element method package, COMSOL Multiphysics. 

We modeled our NSW system based on the thin layer diffusion model. [42,54] On the 

basis of the simulation result, ATP concentration inside the PPy-ATP segment was 

estimated to be 0.81 M at 0 s, 0.60 M at 5 s and 0.40 M at 10 s during the application of a 
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negative bias voltage (Figure 2.5). Therefore, 12 x 10-17 mol of ATP was released from 

each NSW for each 10 s at the initial stages. Assuming that the ATP in our present PPy-

ATP patterns was used up to fill our flow cell with its dimension of 1 cm x 0.8 cm x 150 

μm (W x L x H), the ATP concentration in the flow cell could increase up to 119.85 μM. 

However, it also should be noted that the maximum possible ATP concentration by our 

method can be increased much further simply by depositing more NSWs, implying that 

our method can be utilized to control the ATP concentration from zero up to a very high 

concentration. 

Figure 2.6 Control of biomotor motility using NSWs and controlled release of ATP 

from single NSW device. (a) Control of biomotor motility using NSWs. Here, the thin Au surface 

on glass was coated with kinesin biomotors. The white line in the red dotted circle represents a 

microtubule on the kinesin biomotors. Other white lines represent the NSWs on the substrate. (b) 

Schematic diagram depicting the controlled release of ATP from an individual NSW between two 

electrodes. The NSW was magnetically localized onto an electrode consisting of Ni (green) and 

Au (orange), and then -2 V bias voltage was applied across the NSWs. (c) Optical (left) and 

fluorescence image of a single NSW with (middle) and without (right) -2 V bias voltage. 

The released ATP could be utilized to control the activities of protein molecules 

such as biomotors (Figure 2.6a). Here, NSWs were first deposited onto a thin Au film, 

   
A B C 
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and, then, the Au film was utilized as a substrate for the microtubule-kinesin motility 

assay. [47] When a bias voltage was applied onto the substrate, ATP was released from 

the NSWs. The kinesin molecules were activated, resulting in the motion of microtubules 

on them. [42] It is worth discussing the advantages and disadvantages of our method for 

the control of biomotor activities compared with previous works. Previously, a 

thermoelectric chip has been utilized to control the localized activity of biomotors by 

controlling the local temperature. [55-57] This method can efficiently turn on and off all 

biomolecular activities related with temperature in a localized region. However, in our 

method, one can selectively control the biomolecular activities related with ATP or any 

released chemical species while leaving other biomolecular activities unaltered. Thus, our 

NSWs should be a new powerful tool for the selectively control of specific biomolecular 

activities in a localized region. [28-30,55-57] 

We could place individual NSWs between two electrodes for the controlled 

release of ATP molecules (Figure 2.6b). Here, an external magnetic field was applied to 

trap a NSW between two Ni/Au electrode patterns from its solution. Figure 2.6c 

illustrates the optical and the fluorescence images of a single NSW deposited on the top 

of two neighboring Ni/Au electrodes. The NSW was located on the top of the Ni/Au two 

neighboring electrodes as expected (left panel). The fluorescence micrograph shows that 

the NSW luminesced only upon the application of -2 V bias voltage (middle and right 

panels). In this case, since the bias voltage was applied between two nearby electrodes, 

an additional separate electrode was not required. Thus, we should be able to fabricate 
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micro- and even nanoscale storage devices based on NSWs for the controlled release of 

chemical species. This result also clearly shows that our device can be utilized to control 

the local concentration of biomolecules without any bulky equipment, which can be an 

advantage compared with previous methods.[18-27] 

2.5 Printable “Nano-Storage” Devices 

Figure 2.7 Printable “nano-storage” devices. (a) Schematic diagram depicting the 

direct writing of NSWs onto a solid substrate. ‘NSW ink’ was written onto Au substrate using a 
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magnetized needle. (b) SEM image (left) of NSWs printed via direct writing and fluorescence 

image of the same sample with (right) and without (middle) the application of -2 V bias voltages. 

The ATP bioluminescence assay solution (luciferin/luciferase kit from Sigma Aldrich, USA) was 

used to detect the release of ATP. (c) Schematic diagram showing a flexible nano-storage device. 

Polyimide film was coated with Au layer and Ni patterns (green). NSWs were driven and 

deposited on the Ni electrodes via external magnetic fields. (d) Photographic image (left) and 

fluorescence image of the flexible storage device with (right) and without (middle) the bias 

voltage of -2 V. (e) Schematic diagram depicting the controlled release of ATP from NSWs 

deposited on a micropipette. The micropipette was placed in the ATP bioluminescence kit, and 

then the bias voltage of -2 V was applied to release the ATP from the NSWs. (f) SEM image of 

NSWs deposited on a micropipette. (g) Optical (left) and fluorescence (right) images of NSWs 

attached on micropipette when the bias voltage of -2 V was applied. 

NSWs are quite versatile nanostructures which can be utilized for various 

chemical storage device applications for controlled release of biochemical species (Figure 

2.7). At first, we demonstrated the direct writing of NSWs on solid substrates for a 

printable device (Figure 2.7a). Here, a Ni needle was dipped into the NSW solution to 

form a small droplet of ‘NSW ink’ at its end. Then, it was fixed on a probe-manipulator 

and used as a ‘pen’ to directly write NSWs on the Au substrate. Figure 2.7b shows the 

SEM image (left panel) and fluorescence micrographs (middle and right panel) of NSWs 

prepared by this direct writing method. The SEM image shows that NSWs are deposited 

on the substrate in shape of an ‘H’. Furthermore, the ‘H’ shape lit up when the negative 

bias voltage of -2 V was applied to the underlying Au substrate. It clearly shows that 

NSWs can be easily written onto the desired region of the substrate to build storage 
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device structures for the controlled release of biochemical molecules.  

We also demonstrated the flexible nano-storage devices (Figure 2.7c). Here, 

NSWs were driven by magnetic fields and deposited onto Ni/Au films on a transparent 

and flexible polyimide film (left panel of Figure 2.7d). The device transmitted some light, 

and it can be easily bent. The middle and right panels of Figure 2.7d are the fluorescence 

images of flexible nano-storage device without and with a -2 V bias voltage on the 

substrate, respectively. Note that the linear patterns containing NSWs illuminated brightly 

when a negative bias voltage was applied. Since the networks of NSWs are flexible and 

can be prepared on virtually-general substrates including flexible substrates, it should 

open up various applications such as flexible storage devices for the controlled release of 

biochemical molecules.  

The NSWs can be deposited onto curved surfaces such as sharp end of a 

micropipette to fabricate quite versatile storage devices (Figure 2.7e). Here, the end of an 

Au-coated micropipette [58] was placed in the solution of NSWs so that NSWs adhered 

onto it, resulting in probe-shaped storage devices. Figure 2.7f shows the SEM images of 

NSWs at the end of the micropipette. When a negative bias voltage was applied to the 

micropipette, the tip region appeared bright (Figure 2.7g). These results indicate that the 

release of ATP molecules was localized at the tip of the micropipette where the NSWs 

were attached. Therefore, such probe-shaped storage devices can be used for the delivery 

of chemicals to individual cells through a direct injection. And also, these results show 

that we can deposit NSWs onto virtually any structures to create nanoscale devices for 
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the controlled release of biochemical materials.  

 

2.6 Summary 

 

In conclusion, we report a NSW structure which can be deposited onto virtually-general 

substrates to build nano-storage devices for the real-time controlled release of 

biochemical molecules upon the application of electrical stimuli. The NSWs were three 

different segments comprised of PPy, ferromagnetic Ni, and conductive Au, each of 

which was used to store chemical species, align NSWs by magnetic fields, and make a 

good electrical contact to external electrodes, respectively. NSWs have been deposited 

onto specific locations on solid substrates via various methods such as direct writing or 

magnetic field driven assembly, and they were utilized for the controlled release of ATP. 

We also demonstrated the deposition of NSWs onto flexible substrates or the end of 

micropipettes to fabricate flexible or probe-type nano-storage devices, respectively. These 

results clearly show that NSWs are quite versatile structures allowing us to fabricate 

nano-storage devices on virtually general substrates for the controlled release of 

biochemical molecules. Thus, our strategy should provide great opportunities in various 

areas such as drug delivery systems, [18-21] biosensors [15,16] and biochips [13] for the 

controlled release of chemicals to bio-systems 
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Chapter 3. 

Enhancing the Response of ELISA Assay using Magnetic 

Capture and Release Cycle: Magnetic Control of 

Magnetic nanoparticles 

3.1 Introduction 

 

The number of protein molecules inherently possesses ability to recognize other 

biomolecules such as DNA, proteins and small chemical species. [1] For example, 

antibodies can recognize and form interaction with target antigen molecules through the 

geometric and electrostatic complementarity. [2] Various applications such as biosensors 

and enzyme-linked immunosorbent assay (ELISA) have been relying on such interactions 

between proteins and other biomolecules in order to detect the presence of target 

molecules. [1] Numbers of methods have been developed to detect the target molecules at 

very low concentrations. However, most of these detection strategies rely on passive 

diffusion of receptor and target elements for the recognition of each other. [5,6] Therefore, 

the time required for the recognition increases dramatically as the concentration of the 

target decreases. Thus it is of great importance to develop technologies to reduce the 

detection time in the development of biosensors. [17] For example, target molecules such 

as nucleic acid and proteins can be actively guided toward the sensor element through the 
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utilization of electrostatic fields. [59] Additionally, “magnetic field-assisted aggregation 

of magnetic particles” utilized magnetic field to aggregate magnetic nanoparticles that 

have captured target antigens. [10] However, these methods often suffered from various 

limitations. For example, when electric field is applied to actively transport the 

biomolecules to the sensor, target biomolecules may be damaged by the external electric 

field. In the case of “magnetic field-assisted aggregation of magnetic particle” method, 

the antigens were actively brought to the antibodies. However, this method relied on 

passive diffusion of magnetic nanoparticles before the additional cycle of sensing which 

limits the detection time. Therefore, strategies that can actively capture and release the 

target molecule in cyclic manner, to reduce the detection time, have not been developed 

yet.  

Herein, we report the development of ultra-fast enzyme-linked immunosorbent 

assay (ELISA) method through the utilization of magnetic capture and release cycle. Our 

system is largely consisting of two components; superparamagnetic particles 

functionalized with secondary antibodies and the Ni patterns functionalized with primary 

antibodies. Upon the application of cyclic magnetic field, the superparamgnetic 

nanoparticles were actively captured and released from the nickel patterns. When the 

superparamagnetic particles captures the target antigens floating in the solution and 

deliver them to nickel patterns, the primary antibody on the Ni pattern forms antigen-

antibody interaction which immobilizes the magnetic nanoparticles. Therefore, the 

fluorescent magnetic nanoparticles accumulate on the Ni patterns during the magnetic 

capture and release cycle. Through this mechanism, it was possible to detect the presence 
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of antigen within 5 minute. Since our strategy provides a means to reduce the detection 

time significantly, it should open up various applications such as development of ultra-

fast biosensors and cargo delivery in biochips. 

 

3.2 Experimental Procedure 

Figure 3.1 Schematic diagram depicting the capture and release cycle. (a) Capture 

cycle. When external magnetic field is applied in perpendicular direction to the plane of substrate, 

the magnetic nanoparticles are drawn toward the Ni patterned region. (b) Release cycle. When 
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external magnetic field was increased in opposite direction while the direction of the local 

magnetic moment of the Ni patterns remained unchanged, the magnetic nanoparticles were drawn 

toward the region without the Ni patterns. (c) Capture cycle. The local magnetic fields of Ni 

patterns eventually aligned with the external magnetic field and the magnetic nanoparticles were 

drawn toward the Ni patterns. (d) Release cycle. When the external magnetic field was increased 

in opposite direction while the direction of the local magnetic moment of the Ni patterns remained 

unchanged, the magnetic nanoparticles were drawn toward the region without the Ni patterns. 

Figure 3.1 displays the experimental setup of a magnetic capture and release 

cycle and their application in the ELISA assay to enhance the response time. First, nickel 

patterns (5 mm ×10mm) were fabricated on a silicon oxide substrate using conventional 

photolithographic method. Subsequently, the photoresist patterns were removed by 

immersing the substrate in acetone. Afterward, the entire surface of the substrate was 

deposited with additional layer of silicon oxide (50 nm) to minimize the nonspecific 

binding of biomolecules and magnetic nanoparticles.  

For the functionalization of the substrate with antibodies, the substrate was 

subjected to a commonly used silanization technique. [60] First, the substrate was 

incubate in 2% solution of 3-mercaptpropyltrimethoxysilane (MTS) in anhydrous toluene 

for 2 h. The substrate was removed, thoroughly washed with anhydrous toluene and 

allowed to dry at room temperature. To functionalize the silanized substrate with 

heterobifunctional linker molecules, the organic hetrobifunctional crosslinker molecule 

(N-γ−maleimido-butyryloxy succinimide ester (GMBS)) was dissolved in 100 µl of 

dimethylformamide (DMF) and then diluted with absolute ethanol to a final 
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concentration of 2mM. The silanized substrate was immersed in cross-linker solution for 

1 h and washed three times with PBS buffer. Afterward, 0.15 mg/ml solution of Anti-

human IL-13 antibody (Ready-set-go IL-3 ELISA Kit, ebioscience, USA) in PBS buffer 

was placed on the substrate and allowed to react for 2 h at room temperature. The residual 

unreacted antibodies were washed with PBS buffer. Finally, the substrate was immersed 

in the 1% solution of bovine serum albumin (BSA) in PBS for 2 h to passivate the 

antibody–free regions. [61] 

For the functionalization of the superparamagnetic nanoparticles with antibody, 

commercially available 100 nm sized nanoparticles (1 mg/ml) (nano-screenMAG-

Streptavidin, Chemicell, Germany) composed of a magnetite (Fe3O4) core, a fluorescent 

shell and coating coupled with streptavidin was incubated with 1.13 mg/ml solution of 

anti-human IL-13 antibody (Ready-set-go IL-3 ELISA Kit, ebioscience, USA) labeled 

with biotin for 1 h at room temperature.     

For the repeated magnetic capture and release ELISA assay, the flow cell was 

constructed by covering the antibody labeled substrate with glass slide and the 3M double 

sided tape was used as a spacer. Then, the antibody-labeled superparamagnetic 

nanoparticles (1.8×1013 unit/ml) mixed with target antigen (human IL-13 recombinant 

protein, ebioscience, USA) was injected into the flow cell and placed on top of custom-

built solenoid. During the capture cycle, the external magnetic field (150 mT) was 

applied in perpendicular direction to the plane of the substrate for 30s to draw the 

magnetic particles toward the Ni patterns on the solenoid. During the release cycle, the 
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magnetic field was reversed and increased in opposite direction for 10s (35mT) and the 

magnetic field was removed to let the released particles to be diffused away from the 

substrate. This cycle was repeatedly applied during the magnetic capture and release 

ELISA assay. The fluorescence from the magnetic nanoparticles was observed via 

fluorescence microscopy (TE2000U, Nikon, Japan) at a FITC channel (EX 540/25, DM 

565, BA605/55, Nikon, Japan).  
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3.3 Magnetic Capture and Release Cycle 

Figure 3.2 Magnetic capture and release cycle. (a) The SEM image of Ni patterns. (b) 

The fluorescence micrograph of fluorescent magnetic nanoparticles during the magnetic capture 

and release cycle. i) Absence of magnetic field. ii) Capture cycle. The external magnetic field was 

applied in perpendicular direction to the plane of the substrate. Magnetic nanoparticles assemble 

don the Ni patterns. iii) The external magnetic field was removed. Small fractions of magnetic 

nanoparticles diffuse away from the Ni patterns. iv) Release cycle. The external magnetic field 

was applied in opposite direction while the local magnetic moment of the Ni patterns remain fixed. 

The magnetic nanoparticles are released from the Ni patterns. 

The figure 3.2b shows fluorescence micrograph of magnetic nanoparticles 

during the capture and release cycle. In absence of external magnetic field, the magnetic 

nanoparticles were randomly distributed in the solution (Figure 3.2b i)). When the 
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external magnetic field was applied in one direction that is perpendicular to the plane of 

the substrate, the magnetic nanoparticles were drawn towards the Ni patterns on the 

substrate (Figure 3.2b ii)). Subsequently, when the external magnetic field was reduced to 

zero, small fraction of magnetic nanoparticles was diffusing away from the Ni patterns 

(Figure 3.2b iii)). Finally, when the external magnetic field was increased in opposite 

direction, most of the magnetic nanoparticles were pushed away from the Ni patterns 

(Figure 3.2b iv)). This phenomenon can be explained as follows; when the external 

magnetic field was increased in perpendicular direction to the plane of the substrate, the 

magnetic moment of Ni pattern aligned with the external magnetic field. Therefore, the 

strength of the magnetic field just above the Ni pattern was stronger than the region 

without Ni patterns. Since the magnetic nanoparticles move towards the region where the 

magnetic field is strongest, magnetic nanoparticles assembles on the Ni patterns. When 

the external magnetic field was removed, the magnetic moments of the Ni patterns 

remain fixed to the given direction. Therefore, most of the magnetic nanoparticles 

remained on the Ni patterns and some fraction of magnetic nanoparticles liberated from 

the Ni pattern by diffusion. When the external magnetic field was increased in opposite 

direction, the remaining magnetic field of Ni patterns opposed the external magnetic field. 

Therefore, the magnetic field just above the Ni pattern was weaker than the region 

without Ni pattern. As a result, the magnetic particles were drawn away from the Ni 

patterns.  

The figure 3.2c shows the fluorescence intensity of the magnetic nanoparticles 
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as a function of time. The fluorescence intensity was averaged over the Ni patterned 

region shown in the figure 3.2b. The fluorescence intensity increased rapidly during the 

capture cycle, but it decreased abruptly during the release cycle. The fluorescence 

intensity of the magnetic nanoparticles confirms that the magnetic nanoparticles 

accumulated on the Ni patterned region during the capture cycle, while they are released 

from the Ni patterned region during the release cycle. It should be noted that, upon the 

application of external magnetic fields in different directions, magnetic nanoparticles 

could be repeatedly captured and released from the Ni patterns with short response time.  

 

3.4 Enhancement of the Response Time of ELISA Assay through 

Magnetic Capture and Release Cycle 

Figure 3.2 Utilization of magnetic capture and release cycle in ELISA assay. (a) 

Magnetic capture and release ELISA assay. Graph of the fluorescence intensity of the magnetic 
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nanoparticles with respect to time. (b) Conventional ELISA assay. Graph of the fluorescence 

intensity of the assay solution with respect to time. 

Magnetic capture and release cycle is quite versatile platform which can be 

utilized for various biosensor device applications for enhancing the response time of the 

biosensor. Here, we demonstrated magnetic capture and release ELISA assay which 

exhibits very short response time. We have functionalized the surface of the Ni patterns 

with primary antibody and the magnetic nanoparticles with secondary antibody as 

described in chapter 3.2. Then, the flow cell was constructed by covering the antibody 

labeled substrate with glass slide and the 3M double sided tape was used as a spacer. The 

assay solution containing antibody-labeled superparamagnetic nanoparticles (1.8×1011 

unit/ml) mixed with the target antigen (100 ng/ml, 10 ng/ml and 1 ng/ml of IL-13 for the 

positive control and 1 ng/ml of IL-4 for negative control) was injected into the flow cell 

and placed on top of custom-built solenoid. The capture and release cycle was repeatedly 

applied during the magnetic capture and release ELISA assay.  

The figure 3.3a shows the change in fluorescence intensity of magnetic 

nanoparticles on the Ni patterned region. The crests in the fluorescence intensity profile 

correspond to the capture cycle, while the troughs correspond to the release cycle. When 

the magnetic capture and release cycle was repeatedly applied, the fluorescence intensity 

of magnetic particle for all different concentration of target antigen starts to increase. 

However, it is apparent that the fluorescence intensity of the assay solution with higher 

target concentration increased at much faster rate and reached higher maximum 
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fluorescence intensity, whereas that with lower target concentration or the non-

complementary target increased at much slower rate and reached lower maximum 

fluorescence intensity. For all assay solution with different antigen concentration, the 

change in the fluorescence intensity leveled off after 5 minute. The magnetic 

nanoparticles were repeatedly drawn and pushed away from the Ni patterns during the 

magnetic capture and release cycle. However, when the secondary antibodies 

functionalized on the magnetic nanoparticles happen to capture the antigen molecules 

floating in the solution and drawn towards the primary antibody immobilized on the Ni 

patterns, antigen-antibody interaction was formed which immobilized the magnetic 

nanoparticles on the Ni patterns. During the release cycle, the magnetic nanoparticles 

with free secondary antibodies were pushed away from the Ni patterns due to the 

magnetic field gradient, whereas the magnetic particle with antigen bound secondary 

antibodies remained on the Ni pattern due to the antigen-antibody interaction. These 

immobilized magnetic nanoparticles resulted in the increase in the fluorescence intensity 

of the Ni patterned region. When the concentration of the target antigen in the assay 

solution is high, it is more likely for the secondary antibodies to capture the target antigen 

and hence more fractions of fluorescent magnetic particles become immobilized on the 

Ni patterned region. This results the higher maximal fluorescence intensity of the assay 

solution with higher target antigen concentration. However, when the concentration of the 

target antigen in the assay solution is low, it is less likely for the secondary antibodies to 

capture the target antigen and hence smaller fractions of fluorescent magnetic particles 

become immobilized on the Ni patterned region. This results the lower maximal 
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fluorescence intensity of the assay solution with lower target antigen concentration. 

Finally, if there is no complementary antigen molecule present in the assay solution (NC 

of the figure 3.3a), none of magnetic nanoparticles should be fixed on the Ni patterned 

region due to the antigen-antibody interaction. It should be noted that the slight increase 

in the fluorescence intensity of the assay solution containing non-complementary antigen 

result from the non-specific adsorption of magnetic nanoparticles to the Ni patterned 

substrate. [62] This result indicates that the utilization of magnetic capure and release 

cycle in ELISA assay allows detection of target antigen within very short time window.  

We have also performed a conventional ELISA assay on our Ni patterned 

substrate and measured the response time (figure 3.3b). Here, we have placed assay 

solution with different concentration of antigen on the Ni patterned substrate and incubate 

for given time intervals (0 min, 5 min, 10min, 20min, 30 min, 60 min and 90 min). After 

the incubation, the substrate was rinsed with PBS buffer for 3 times and dried with N2 

blow gun. Then, the each substrate was incubated with secondary antibody for 2 hr and 

washed with PBS buffer. Subsequently, the substrate was incubated in streptavidin 

labeled horse radish peroxidase solution for 30 min and washed with PBS buffer. 

Afterward, the substrate was incubated in 3,3’,5,5’-tetramethylbenzidine (TMB) solution 

and let to react for 15 min. Finally, the stop solution composed of 1M phosphoric acid 

was added to stop the reaction and the absorbance of the assay solution was obtained 

using microplate reader. The result indicates that, for all assay solution with different 

antigen concentration, the change in fluorescence intensity reaches its maximum 
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approximately after 45 min of the incubation which was 9 times longer than the magnetic 

capture and release ELISA assay. It should be also noted that the magnetic capture and 

release ELISA assay does not require any further incubation and washing steps after the 

magnetic capture and release step, whereas conventional ELISA assay requires additional 

several hours of incubation and washing steps before the data acquisition. This result 

indicated that the utilization of magnetic capture and release cycle in ELISA assay 

reduces the detection time significantly.  

 

3.5 Summary 

In conclusion, we report the magnetic capture and release cycle which can 

repeatedly capture and release the superparamagnetic nanoparticles to the predetermined 

Ni patterned regions and their application in the ELISA assay to reduce the detection time. 

Our magnetic capture and release system utilizes superparamagnetic particles 

functionalized with secondary antibodies which captures the target antigen floating in the 

solution, and the Ni patterns functionalized with primary antibody which recognizes the 

target antigen brought by the secondary antibodies of the superparamagnetic 

nanoparticles. We have demonstrated that repeated application magnetic capture and 

release cycle allowed the accumulation of the magnetic nanoparticles that have captured 

the target antigens on the Ni patterned region, whereas the magnetic nanoparticles 

without captured target antigens were repeatedly captured and released from the Ni 



44 

 

patterned region until they captures the free antigens in the solution. These results clearly 

shows that the application of the magnetic capture and release cycle in biomolecular 

detection greatly reduces the time required for the detection of biomolecules. Since our 

strategy provides a means to reduce the detection time significantly, it should open up 

various applications such as development of ultra-fast biosensors and cargo delivery in 

biochip. [17] 
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Chapter 4. 

Conclusions 
 

In this dissertation, first, we discussed a fabrication strategy of NSW structures which can 

be deposited onto virtually-general substrates to build nano-storage devices for the real-

time controlled release of biochemical molecules upon the application of electrical 

stimuli. The NSWs were composed of three different segments comprised of a 

polypyrrole (PPy) segment containing chemical species such as ATP, a ferromagnetic 

nickel (Ni) segment, and a conductive gold (Au) segment. respectively. NSWs have been 

deposited onto specific locations on solid substrates via various methods such as direct 

writing or magnetic field driven assembly, and they were utilized for the controlled 

release of ATP. We also demonstrated the deposition of NSWs onto flexible substrates or 

the end of micropipettes to fabricate flexible or probe-type nano-storage devices, 

respectively. These results clearly show that NSWs are quite versatile structures allowing 

us to fabricate nano-storage devices on virtually general substrates for the controlled 

release of biochemical molecules. Thus, our strategy should provide great opportunities 

in various areas such as drug delivery systems [18-21] biosensors [15,16] and biochips 

[13] for the controlled release of chemicals to bio-systems 

Secondly, we have developed the magnetic capture and release cycle which can 

repeatedly capture and release the superparamagnetic nanoparticles to the predetermined 

Ni patterned regions. Additionally, this system was utilized in the ELISA assay to reduce 
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the detection time. Our magnetic capture and release system utilizes superparamagnetic 

particles functionalized with secondary antibodies which captures the target antigen 

floating in the solution, and the Ni patterns functionalized with primary antibody which 

recognizes the target antigen brought by the secondary antibodies of the 

superparamagnetic nanoparticles. We have demonstrated that the repeated application 

magnetic capture and release cycle allowed the accumulation of the magnetic 

nanoparticles that have captured the target antigens on the Ni patterned region, whereas 

the magnetic nanoparticles without captured target antigens were repeatedly captured and 

released from the Ni patterned region until they captures the free antigens in the solution. 

These results clearly shows that the application of the magnetic capture and release cycle 

in biomolecular detection greatly reduces the time required for the detection of 

biomolecules. Since our strategy provides a means to reduce the detection time 

significantly, it should open up various applications such as development of ultra-fast 

biosensors and cargo delivery in biochip. 

In conclusion, we have developed a technologies to activity control the biomolecules and 

delivery of chemical and biological molecules through the utilization of electric and 

magnetic control of nanostructures. These works should strongly contribute to the mass 

transport of specific chemical species and the controlled activation of biomolecules in 

drug delivery systems [18-21] biosensors [15,16] and biochips. [13]  
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Chapter 6. 

Abstract in Korean 

초록 

 

나노구조체의 전기적 자기적 조절과 이를 이용한 

바이오칩 분야의 응용에 관한 연구 

 

이동준 

생물물리 및 화학 생물학부 

서울대학교 대학원 

본 연구에서는 전기적 및 자기적 자극을 통한 나노구조의 조절에 관한 연구 

및 이를 이용한 바이오 칩 개발에서의 응용에 관한 연구를 진행하였다. 먼저, 

화학물질을 저장하고 외부 전기 자극을 통해 원하는 순간에 화학물질을 방출

할 수 있는 "화학물질 저장 나노선"(nano-storage wire)을 개발하였다. 양극 

처리 된 알루미늄 산화물 템플릿에 전기 도금 법을 이용하여 Adenosine tri-

phosphate (ATP)분자를 저장하고 방출할 수 있는 전도성 중합체인 

Polypyrrole 부분, 강자성 니켈 부분 및 높은 전도성 가지는 금 부분 등으로 

구성된 다중구조 나노선을 제조하였다. 이러한 화학물질 저장 나노선에 전압

을 인가하면 화학물질 저장 나노선의 Polypyrrole 부분으로부터 ATP 분자가 

방출되게 되어 모터 단백질의 기능을 조절할 수 있다. 또한, 화학물질 저장 

나노선을 포함한 용액을 잉크처럼 사용하거나 자가조립 기법을 이용하여 다양

한 3차원 구조의 기판 위에 인쇄를 함으로서 다목적 화학물질 저장소자를 제

작할 수 있다. 본 기술은 화학물질을 저장 하고 선택적으로 방출할 수 있는 

소자를 제작할 수 있기 때문에 약물 전달 시스템 및 바이오 칩 등의 실질적인 
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응용에 기여할 것이다. 

또한, 자기적 포집 및 방출 사이클의 응용을 통해 초고속 효소결합면역흡착 

검사를 개발하였다. 자기적 포집 및 방출 사이클은 크게 두 가지 구성요소로 

구성되어 있는데 일차 항체로 기능화된 니켈의 패턴 어레이와 이차 항체로 기

능화된 초상자성 나노입자가 그것이다. 자기적 포집 및 방출 사이클을 반복적

으로 인가 해주면, 초상자성 나노입자들이 니켈 패턴 어레이에 능동적으로 포

집되 거나 방출되게 된다. 이때, 초상자성 나노입자에 기능화된 항체가 검지

용액 내에 존재 하는 타겟 항원과 반응 하고 이를 니켈 패턴 어레이로 운송을 

하게되면, 일차 항체-항원-이차 항체 간의 결합이 형성하게 되어 초상자성 

나노입자들을 니켈 패턴 표면에 고정시키게 된다. 이 메커니즘을 통하여 검지

용액 내에 존재하는 항원을 5분이내에 검출할 수 있는 시스템을 개발하였다. 

이 기술은 검출 시간에 필요한 시간을 크게 단축 하며 특정물질을 원하는 위

치로 수송할 수 있으므로 초고속 바이오 센서의 개발 및 바이오 칩 내부에서

의 물질수송 등의 다양한 응용 분야에 활용 될 수 있을 것이다. 

 

주요어: 나노선, 전도성 중합체, 폴리파이롤, 선택적 방출, 바이오에너지 저장, 

나노바이오 인터페이스, 초상자성 나노입자, 감지시간, 효소결합면역흡착검사, 

자디적 포집 및 방출 사이클, 바이오 칩. 

학번: 2012-22515 
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