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摘   要 

 

利用去氧核糖核酸(DNA)之鏈狀結構作模板製造奈米電導線是很多研究所興趣的

部分。DNA 的好處是它的寬度為 1-2 奈米，其長度卻可以到達微米的等級。此外，專

一的鹼基亙補特性可把 DNA 分子固定在預先選定的表面上，DNA 上的各種功能基可與

很多有機或無機化合物反應以便作更進一步的修飾作用。因此，DNA 成為製造奈米電

導線的理想模板。 

 

本實驗利用不同長短的 DNA 序列﹝1、3.3、48 kb﹞作模板並在其末端固定磁珠(SA)

及金球(Au)。利用 Klenow 把 Biotin 標記的核苷酸補入 5 端突出的 DNA 上，此兩端有

Biotin 標記的 DNA 再與 Streptavidin 標記的磁珠偶合。實驗結果顯示 Biotin dATP 標記

的 1 和 3.3 kb 片段與 Biotin dCTP 標記的 48 kb 片段兩端都成功的接上磁珠，但 Biotin 

dATP 標記的 48 kb 片段只有單邊接上且數量很少。實驗的另一部分是利用金硫鍵結把金

球接到 DNA 序列兩端，結果顯示部分 Thiol 標記的 1 和 3.3 kb 片段兩端接上金球，而

Thiol 標記的 48 kb 片段則是兩端都接上金球只是數量很少。 
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Abstract 
 

This research is interested in testing the idea of using DNA strand as templates for the 

fabrication of nanowire. DNA has a favorable aspect ratio of 1-2 nm width, coupled with 

lengths that can exceed microns. Moreover, the specific base pairing of nucleic acids can be 

used to localize DNA molecules to predetermined surface locations. Functional groups 

presented by DNA also make this molecule reactive toward a variety of other organic and 

inorganic compounds which allows further modification. Thus, DNA template is an ideally 

suited nanowire fabrication material. 

In my experiment, BspHI digested the short pGEM-URA3 DNA sequence (1 and 3.3 kb) 

and the long λDNA sequence (48 kb) were used as a DNA template and the ends were 

anchored with magnetic beads and Au particles. The 5’end overhang of the DNA was filled in 

with biotin labeled nucleotides by Klenow and incubated with Streptavidin coated magnetic 

beads (SA). The data illustrates that most of Biotin dATP filled-in BspHI digested URA3 and 

Biotin dCTP filled-in λDNA were anchored to SA at both ends. On the other hand, only 

little Biotin dATP filled-in λDNAs were anchored and mostly at just one end. Another part 

of the research used thiol-Au linkage. The results show that BspHI digested URA3 with 

thiol-labeled some were anchored to Au with both end. The thiol-labeled λDNA was 

anchored to Au at both ends but the quantity was little.  
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I. Introduction 

1.1 Nanowires used in Integrated Circuits 

The demand for integrated circuits that will allow information be processed at even faster 

speeds remains undiminished. Currently, most integrated circuits are constructed by optical 

lithography, which in present commercial fabrication lines allows feature sizes to be 

constructed in the 30 nm range [Electronic News, 2006]. This is despite the fact that, as a 

result of miniaturization, the density of wires and switches that comprise such circuits has 

doubled every eighteen months, giving rise to Moore’s Law [Moore, 1965]. While it appears 

certain that Moore’s Law will hold true until 2016, it is not certain that it will hold true 

thereafter for two reasons.  

The first reason is that to build smaller wires and switches using established fabrication 

and materials technologies will require major scientific and technological advances. 

Specifically, it will require the development at great cost of new light sources and process 

tools; new mask and resist materials; and new high and low dielectric constant materials. The 

second reason is that as wires and switches become smaller the materials of which they are 

composed no longer exhibit bulk properties, but exhibit properties dominated by confinement 

and surface effects [Stanca et al., 2006]. As a consequence these wires and switches may 

exhibit novel characteristics. In other context this will represent a new opportunity; in this 

context it will represent a major challenge. 

There have been two principal responses of the related scientific and engineering 

communities. The first response has been to develop alternative fabrication and materials 

technologies. The second response has been to propose new integrated circuit architectures 

that can accommodate or even exploit the novel characteristics exhibited by these smaller 

wires and switches. 

When contemplating alternative fabrication technologies, one is attracted to the self 
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assembly in solution and self organization at a conventionally patterned silicon wafer 

substrate of nanoscale wires and switches. When contemplating alternative materials 

technologies, one is attracted to the use of biological molecules as templates and nanoparticles 

as building blocks. [Niemeyer et al., 2001; Parak et al., 2003] 

 

1.2 The use of biological tools for nanotechnology 

Many functional biological assemblies represent genuine nanotechnological systems and 

devices [Sarikaya et al., 2003]. These nano-objects are formed by the process of self-assembly, 

facilitated by molecular recognition events between building blocks, resulting in the 

formation of functional devices. Even the simplest living organism contains functional 

complex elements such as motors, pumps, and cables, all functioning at the nanoscale 

[Drexler, 1981]. Much research is being devoted to the use of nanotechnology tools for the 

advancement of biology (bionanotechnology) [Wilkinson, 2003]. This is directly related to 

the use of nanotechnology to address biological and medical needs. However, the reverse 

research direction is also very interesting and it involves the use of ordered biological 

building blocks for the fabrication of various non-biological nanostructures [Taton, 2003].  

In recent years there has been increasing interest in the utilization of biological tools for 

nanotechnological applications that are not related to biology such as micro-electronics and 

nanoelectronics, microfluidics and nanofluidics, and microelectromechanical and 

nanoelectromechanical systems [Gazit, 2007]. The biological building blocks include proteins, 

peptides, nucleic acids, bacteriophages, and plant viruses. These biologically templated 

nanostructures may have applications in diverse fields that are very remote, such as 

electronics, telecommunication, and materials engineering.  

 

1.3 DNA based nanobiotechnology 

DNA-based nanobiotechnology holds the promise of allowing the bottom-up self 
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assembly of complex nanodevices. This great potential lies in the molecular recognition 

capability of DNA and the ability to synthesize DNA molecules having specific sequences. 

Therefore, considerable effort has been dedicated to developing DNA templates 

nanostructures that can be integrated into more complex nanodevices. Self assembly of such 

devices could potentially reduce time and costs inherent in current nanofabrication methods 

and provide smaller, more reliable devices. 

The linear dsDNA has a width of 2 nm and a length of 0.34 nm per nucleoside subunit. A 

wide range of molecular lengths, from nanometers to microns, can be realized with 

established technology in molecular biology, for example DNA ligation, enzymatic digestion, 

and polymerase chain reaction. DNA templated nanowires could be prepared with an almost 

unlimited range of aspect ratio. A DNA molecule has two classes of binding site: negatively 

charged phosphate group and aromatics bases [Gu et al., 2006]. The polyanionic backbone of 

the molecule, composed of alternating sugar and phosphate groups, binds metallic cations or 

cationic nanoparticles by electrostatic interaction. Various transition metal ions bind to the 

nitrogen atoms of the DNA bases and form metal DNA complexes by coordination coupling 

involving two d orbitals. For example, the N7 atoms of bases guanine and adenine form 

strong complexes with Pt(II) and Pd(II) ions [Takahara et al., 1995; Huang et al., 1995; Onoa 

et al., 1998], and the N3 atoms of the bases thymine and cytosine strongly interact with Pd(II) 

ions [Duguid et al., 1993]. Both classes of binding site have been utilized in nanowire 

fabrication [Braun et al., 1998; Becerril et al., 2004; Gu et al., 2005; Mertig et al., 2002;  

Monson et al., 2003]. 

DNA is also uniquely suited to molecular recognition in the way known as Watson-Crick 

base pairing: A pairs specifically with T and G pairs specifically with C. The specific 

molecular recognition capability could possibly be used to localize DNA molecules to 

predetermined surface locations and to bind oligonucleotide-coupled nanoparticles to specific 

regions on DNA templates. Thus, DNA is ideally suited nanofabrication template material 
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[Stoltenberg et al., 2004]. 

 

1.4 Previous research in DNA coupling with metals particles 

In the early work in this area, Alivisatos et al. (1996) and Mirkin et al. (1996) exploited 

the molecular recognition properties of DNA to assemble nanoparticles into organized 

structures with nanoscale precision. Later in 1998, Braun et al. used complementary ssDNA to 

bridge a 12 µm long, 100 nm wide conductive silver wires. Other seminal work paved the 

way to formed a gold nanowires based on the use of a DNA template. This was achieved by 

the intercalation of functional gold nanoparticles into dsDNA, followed by covalent 

photochemical attachment of the intercalater [Patolsky et al., 2002]. The use of metal-coated 

DNA molecules was also demonstrated for DNA-assisted wiring of Au electrodes on silicone 

wafers [Griffin et al., 2004] and for the specific metallization of a Y-shaped DNA that 

incorporated a central biotin moiety [Stanca et al., 2006]. These patterned and directed 

metallization schemes hold promises for novel applications in the design and manufacture of 

nanoelectronic devices in the future. Although lithography methods are constantly being 

improved, template-assisted nanowire formation may be very useful for making 

interconnections between lithographically defined elements [Shacham-Diamand et al., 2003]. 

 

1.5 Overview of research project 

Because of DNA has low inherent conductivity [Merkoci, 2007], electrical activation of 

DNA is essential for the construction of nanowires in DNA based nanocircuitry. So there are 

two key issues needing to be solved: (1) specifically depositing and aligning DNA molecules 

on surfaces and (2) modifying those molecules to create conductive nanowires [Stolenberg et 

al., 2004].  

My research focused on the first issue concerning about how to specifically depositing 

dsDNA molecules on the surface by using either magnetic beads or Au particles anchored at 
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the both ends of DNA. Magnetic beads and Au particles seem to be the most desired particles 

because of their unique native properties [Kouassi et al., 2006].  

Magnetic beads owe their popularity to their numerous attributes such as their magnetic 

properties that enable them to be directed by an external magnetic field, the possibility to 

separate them from a reaction mixture, in addition to their low toxicity and biocompatibility 

[Kouassi et al., 2006]. 

Considerable interest over the past two decades has been directed toward the using of Au 

particles with biotechnology because of their excellent biocompatibility, stability and 

established manufacturing protocols. Furthermore, the use of thiol chemistry on a gold surface 

allows the attachment of molecules with a relative with using a variety of thiol linker 

[Minard-Basquin et al., 2005; Demers et al., 2000].  

 

1.6 Linkage between DNA to Magnetic beads 

In this study, the interaction between biotin and streptavidin was used to anchor both 

ends of DNA to magnetic beads. Streptavidin is a 60 kilo-dalton tetrameric protein isolated in 

crystalline form from culture filtrates of Streptomycetes avidinii [Chaiet et al., 1964]. 

Streptavidin has no carbohydrate and an acidic isoelectric point of 5. Streptavidin is much less 

soluble in water than avidin and can be crystallized from water or 50% isopropanol. 

Streptavidin is rich in tryptophan [Hoffman et al., 1980] and is highly resistant to denaturation 

by acids or proteolytic enzymes. It is even more resistant than avidin to dissociation into 

subunits by guanidine hydrochloride.  

Biotin is a 244 dalton vitamin found in tissue and blood and binds with high affinity to 

streptavidin. The structure of the streptavidin-biotin complex has been described by several 

groups [Weber et al., 1989; Hendrickson et al., 1989], showing a β-barrel structure of 

streptavidin binding biotin into its interior. The streptavidin-biotin interaction is the strongest 

known noncovalent, biological recognition with dissociation constant Kd = 4*10-14 M. The 
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bond formation between biotin and streptavidin is very rapid and once formed is unaffected 

by extremes of pH, organic solvents and other denaturing agents [Tong et al., 1992]. The 

strong interaction has led to a large number of research and diagnostic applications using 

streptavidin-biotin technology. The strength and reliability of the interaction underlie its 

importance in biotechnology, but the interaction is also a model for high affinity receptor 

ligand binding. In most assays, streptavidin is coupled to a solid phase, such as magnetic bead, 

a microtiter plate or a biosensor chip, while biotin is coupled to the moiety of the interest, 

often a nucleic acid, protein or antibody [Holmberg et al., 2005]. 

 

1.7 Linkage between DNA to Au particles 

Another technique is to use the linkage between thiol and Au to anchor both ends of 

DNA to Au particles. The Au-thiolate bond is a strong-homolytic bond strength 44 kcal/mol - 

and contributes to the stability of the SAMs together with the Van der Waals forces between 

adjacent methylene groups, which amount to 1.4-1.8 kcal/mol [Rong et al., 2001]. Hence, Au 

binds thiols with high affinity and it does not undergo any unusual reactions with them, e.g., 

the formation of a substitutional sulfide interphase. The strong interaction has led to a large 

number of research and diagnostic applications using Au-thiol technology. 

Therefore, by using a thiol modified nucleotides incorporated into the templated DNA in 

my research, the DNA will be possible to link to Au and for further analyzed. 

 

1.8 Stretching DNA for nanowire fabrication 

At equilibrium, a DNA molecule in aqueous solution will usually be randomly structured 

as a result of thermal fluctuations. Entropy will shorten the end-to-end distance, often to a 

much smaller size than the contour length. A DNA molecule therefore must be stretched to 

serve as a nanowire template. Many approaches have been used to stretch and align DNA 

molecules, including molecular combing [Gueroui et al., 2001; Otobe et al., 2001; Yokota et 
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al., 1997], electrophoretic stretching [Kaji et al., 2002; Namasivayam et al., 2002], 

hydrodynamic stretching [Ye et al., 2000], and van der Waals interaction [Bezryadin et al., 

2004].  

 Molecular combing is the simplest method of stretching DNA templates in nanowire 

fabrication and thus the most widely used one. No chemical modification of DNA molecules 

is required. Combing can be done on various hydrophobic and hydrophilic surfaces, and it can 

yield well dispersed and strongly bound to the substrate, a situation favorable for subsequent 

metallization and characterization of nanowires. Both direct current (DC) and alternating 

current (AC) electric fields can be used to stretch DNA. An advantage of the electrophoretic 

approach is that nanowire templates can be stretched and positioned directly between 

electrodes. After metallization, electrical properties of nanowires connecting two electrodes 

can readily be characterized. DNA must be modified by thiolation or biotinylated to be 

stretched by a DNA field. Otherwise, optical tweezers must be used to tether one end of a 

DNA molecule before stretching. Stretching by dielectrophoresis does not require chemical 

modification. Spin stretching is a simplified hydrodynamic stretching without the requirement 

of chemical modification of DNA.  
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II. Material  

2.1 Chemicals, enzymes, and reagents 

 Alfa Aesar [六和]: Au particles (Cat. No .00765) 

 Amresco [波仕特]: Agarose I (Cat. No. 0710-500G) 

                 Ethidium bromide (Cat. No. X328) 

Glycerol (Cat. No. 0854-1L-PTM) 

Phenol saturated solution (Cat. No. 0945) 

Tris-Hydrochloride (Cat. No. 0234-500G) 

 Amersham Biosciences [伯新]: Nitrocellulose Memebrane (Cat. No. FM0053-1) 

 Anchor [安佳]: Non fat Milk (Cat. No. EMB53084-D) 

 AppliChem [仲群]: Ampicillin (Cat. No. A2839) 

 Bio-Rad [汎泰]: Ethylenediaminetetraacetic acid (EDTA) (Cat. No. 161-0729) 

 Fermentas [進階]: dNTP set (Cat. No. R0181) 

SmaΙ (Cat. No. ER0661) 

Taq (Cat. No. EP0401) 

 Invitrogen [德怡]: Biotin-14-dATP (Cat. No. 19524-016) 

                   Biotin-14-dCTP (Cat. No. 19518-018) 

 Kodak [泰歷]: X-film (Cat. No.1651454) 

                GBX Developer and Replenisher (Cat. No. 8875569) 

                GBX Fixer and Replenisher (Cat. No. 1749837) 

 Merck [Merck]: Sodium acetate (Cat. No.1.06267.0500) 

 MILLIPORE [騰達行]: Chemiluminescent HRP substrate (Cat. No.WBKLS0500) 

 Molecular Probes [德怡]: YOYO-1 (Cat No. Y3601) 

 NEB [諾貝爾]: Klenow (Cat. No. M0210L) 

BaeI (Cat. No. R06131L) 
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BspHI (Cat. No. R0517S) 

 Panreac [仲群]: Potassium chloride (Cat. No. 131494) 

                 Potassium dihydrogen phosphate (Cat. No.121509) 

 Promega [勁因]: Streptavidin MagneSphere Paramagnetic particles (Cat. No. Z5481) 

 Premier [全盟]: ExcelPureTM Plasmid Mini Kit (Cat. No. PM250) 

                 ExcelPureTM PCR Cleanup Kit (Cat. No. CU250) 

 Riedel-deHaen [六和]: Sodium chloride (Cat. No. 13423) 

                       Sodium hydroxide (Cat. No. 30620) 

                       Sodium phosphate dibasic (Cat. No. 30427) 

 Scharlau [啓新]: LB broth (Cat. No. 02-385) 

 SibEnzyme [百錬]: 1 kb DNA ladder (Cat. No. SEM11C001) 

 Sigma [六和]: Phenol (Cat. No. P-4682)  

Streptavidin−Peroxidase Polymer (Cat. No. S2438) 

                Tween 20 (Cat. No. P-1379) 

 TaKaRa [日興]: λ DNA (Cat. No. TAK3010) 

                 HincII (Cat. No. 1059A) 

 Vector Laboratories [嘉旺]: 3' EndTag DNA Labeling System (Cat. No. MB-9002) 

                           Biotin (Long Arm) Maleimide (Cat. No. SP1501) 

 

2.2 Buffers 

 5 M EDTA solution 

186.1 g EDTA in ddH2O to total volume of 800 ml (pH 8.0). Adjust the pH to 7.4 with HCl, 

and add ddH2O to 1 liter 

 50 X TAE buffer 

48.4 g Tris base, 0.5 M EDTA (pH 8.0) 20 ml, 11.42 ml acetic acid, add ddH2O to 200 ml  

 1 X PBS 
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8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 in 800 ml of ddH2O. Adjust the pH 

to 7.4 with HCl, and add ddH2O to 1 liter 

 10 X TE buffer 

100 mM Tris-Cl (pH 8.0), 10 mM EDTA 

 

2.3 Medium 

 LB (Luria-Bertni)/ Ampicillin 

1 % tryptone, 0.5 % yeast extract, 1 % NaCl, 50 µg/ml Ampicillin 

 

2.4 Primers 

Name Sequence (5’→3’) Location 

Lambda F GCATGGAGGACACGGAGGAAGG 18152~18173 

Lambda R GTTCCGGCGGGCTGTCATAA 19605~19624 

 

2.5 Equipments 

 -20  low temperature refrigerator (WHITE℃ -WESTINGHOUSE) 

 -80  low temperature refrigerato℃ r 925/926 (FIRSTEK SCIENTIFIC) 

 Bench top orbital shaker S101 (FIRSTEK) 

 Centrifuge model 5100 (Kubota Corporation) 

 Digital scale PB153-S (METTLER TOLEDO) 

 Digital scale TB-214 (DENVER INSTRUMENT) 

 GeneQuant pro DNA/RNA calcul ator (AMERSHAM PHARMACIA BIOTECH) 

 Gene CyclerTM (BIO-RAD) 

 Image system GEL DOC 2000 (BIO-RAD) 

 Microcentrifuge MICRO 240A (DENVILLE SCIENTIFIC INC.) 

 Orbital shaker IKA-VIBRAX-VXR 
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 pH meter Φ360 (BACKMAN) 

 4  refrigerator KS℃ -101MS (MINI KINGCON) 

 Spectrometer 20GENESYS RT(SPECTRONIC INSTRUMENTS) 

 Shaker VORTEX-GENIE2 G560 (SCIENTIFIC INDUSTRICS) 

 Thermal Cycler PTC-100RT (MJ RESEARCH INC.) 

 UV crosslinker XL-1000 (SPECTRONICS) 

 VORTEX-GENIE2 G560 (SCIENTIFIC INDUSTRICS) 

 Water bath B206-T1 (FIRSTEK SCIENTIFIC) 

 Fluorescence Microscope ECLIPSE TE2000-U (NIKON) 
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III. Methods 
The overall strategy and the flow chart were illustrated in Figure 1.  

In this study, two different DNAs were used for assessing the techniques of anchoring 

the ends to the Magnetic beads and Gold particles. One was the linearized pGEM-URA3, 4.4 

kb in length. The other is the linear genome of λ phage 48 kb.  

  

3.1 Isolation of URA3 plasmid DNA 

The pGEM-URA3 plasmid in E. coli was extracted with ExcelPureTM Plasmid Miniprep 

Purification Kit (Premier, Cat. No. PM250). The procedure is as following: 

The E. coli with the pGEM-URA3 plasmid was inoculated in 5 ml LB broth with 50 

µg/ml ampicillin, grew at 37 ℃ overnight with vigorous shaking (~180 rpm). 1.5 ml of E. coli 

solution was transferred to an eppendorf tube. The cells were recovered by centrifugation at 

13000 rpm for 1 minute and then resuspended in 200 µl Solution I buffer (Premier, Cat. No. 

PM250). 200 µl of Solution II buffer (Premier, Cat. No. PM250) was added to the mixture 

which was then mixed gently. Then 200 µl of Solution III buffer (Premier, Cat. No. PM250) 

was added and mixed gently again. Cells were spun at 13000 rpm for 5 minutes at room 

temperature. The supernatant was transferred to Mini-MTM Column (Premier, Cat. No. PM250) 

and spun at 13000 rpm for 1 minute. The filtrate in the collection tube was discarded. 700 µl 

of Wash Solution (Premier, Cat. No. PM250) was added and spun for 1 minute. The filtrate 

was discarded. This washing step was repeated once again. After the filtrate was discarded, 

the column was centrifuged at 13000 rpm for 3 minutes to remove residual ethanol. 

Mini-MTM column was then transferred to a new eppendorf and incubated at 60 ℃ for 5 

minutes to evaporate the ethanol. Finally, the DNA was eluted by 50 µl ddH2O and spun at 

13000 rpm for 1 minute. The pGEM-URA3 plasmid was stored at -20 ℃. 
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3.2 Restriction enzyme digestion of pGEM-URA3  

The pGEM-URA3 plasmid was digested into 1008 bps and 3342 bps short DNA 

fragments with 5’end overhangs by restriction enzyme BspHI. 

The 40 µg of pGEM-URA3 plasmid was dissolved in appropriate volume of ddH2O and 

was digested with BspHI (NEB, Cat. No. R0517S). Generally, 1 µg DNA was digested with 1 

unit of restriction enzyme in a 10 µl reaction volume at 37 ℃ for 2 hours. The reaction was 

stopped by heating in 65 ℃ for 20 minutes.  

In order to change the solution from digestion buffer to ddH2O, the digested product was 

cleaned up by ExcelPureTM PCR Cleanup Kit (Premier, Cat. No. CU250). 500 µl binding 

buffer (Premier, Cat. No. CU250) was added to the reaction product and the mixture was 

vortexed briefly. The mixture was then transferred to Mini-MTM Column (Premier, Cat. No. 

CU250) and the column was spun at 13000 rpm for 1 minute. The filtrate in the collection 

tube was discarded. 700 µl of Washing Solution (Premier, Cat. No. CU250) was added and the 

column was spun for 1 minute. The filtrate was discarded. This washing step was repeated 

once again. After the filtrate was discarded, the column was centrifuged at 13000 rpm for 3 

minutes to remove residual ethanol. Mini-MTM column was transferred to a new eppendorf 

and incubated at 60 ℃ for 5 minutes to evaporate the ethanol. Finally, the DNA was eluted by 

40 µl ddH2O and the column was spun at 13000 rpm for 1 minute. The DNA was stored at -20 

℃. 

 

3.3 Klenow fill-in  

The strategy and the numbers of biotin-labeled nucleotides filled in were showed in 

Figure 2.  

The BspHI digested URA3 was filled in with biotin dATP to produce 1 biotin labeling on 

both ends. The 12 bp 5’overhang of λ DNA was either filled in with biotin-labeled dATP 

(Invitrogen, Cat. No. 19524-016) to produce 1 biotin labeling on both ends, or filled in with 
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biotin dCTP (Invitrogen, Cat. No. 19518-018) to produce 4 and 6 biotin labeling on its ends. 

The fill-in reaction was performed with DNA polymerase I, large (Klenow) fragment 

(NEB, Cat. No. M0210L). 15 µg DNA (λ DNA was heated at 65 ℃ for 5 minutes before  

the reaction) was dissolved in 1X buffer 2 (NEB, Cat. No. M0210L) containing 20 µM 

non-target nucleotides and 10 µM non-biotin-labeled target nucleotide and 10 µM 

biotin-labeled target nucleotide in 50 mM pH 7.8 Tris-Cl, 5 mM MgCl2 and 10 µg/µl BSA. 

The control was filled in in 1 X buffer 2 containing 20 µM dNTPs with 50 mM pH 7.8 Tris-Cl, 

5 mM MgCl2 and 10 µg/µl BSA. 15 unit of Klenow was added to reaction with total volume 

150 µl and incubated at 25 ℃ for 15 minutes. The reaction was stopped by 10 mM pH 8.0 

EDTA and heating at 75 ℃ for 20 minutes.  

The fill-in product was cleaned up by adding 1/10 volume 3 M pH 5.2 sodium acetate 

and 2.2 volume -20 ℃ 99.5% ethanol. It was kept in -20 ℃ for 2 hours then spun for 13000 

rpm for 10 minutes. The supernatant was discarded and the pellet was dried for 5 minutes at 

room temperature. After that the pellet was dissolved in 100 µl ddH2O. Ethanol precipitation 

was repeated once. Finally, the pellet was dissolved in 100 µl ddH2O. 

 

3.4 3’ end thiol labeling 

The strategy of 3’ end thiol-labeling was shown in Figure 3. 

The 3’ end thiol-labeled DNA was obtained from using 3' EndTag DNA Labeling System 

(Vector Laboratories, Cat. No. MB-9002). The reaction was set up by combining 0.5 nmols of 

3’ end DNA in ≦ 14 µl , 2 µl 10X TdT reaction buffer (Vector Laboratories, Cat. No. 

MB-9002), 2 µl SH-GTP (Vector Laboratories, Cat. No. MB-9002) and 2 µl TdT (Vector 

Laboratories, Cat. No. MB-9002) in a microcentrifuge tube. The total reaction volume was 

brought to 20 µl with ddH2O and the reaction incubated for 30 minutes at 37℃. 

 

3.5 Biotin maleimide was added to the thiol labeled ends of the DNA 
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10 µl biotin maleimide (Vector Laboratories, Cat. No. SP1501) was added to the 

thiol-labeled DNA. The reaction was mixed well and incubated for 30 minutes at 65 ℃. Then 

70 µl ddH2O and 100 µl of buffered phenol were added to the mixture and vortexed briefly. 

The reaction was then spun at 7200 rpm for 5 minutes and the upper aqueous layer was 

transferred to a new eppendorf tube. 5 µl precipitant (Vector Laboratories, Cat. No. MB-9002) 

and 300 µl of 95% ethanol was mixed with the aqueous fraction. The precipitated nucleic acid 

was pelleted by centrifugation at 13000 rpm for 15 minutes, and then the pellet was washed 

briefly with 70% ethanol and centrifuged for 3 minutes at 13000 rpm. The pellet was air dried 

at room temperature for 5 minutes and resuspended in 20 µl ddH2O. 

 

3.6 Dot blot of biotin-labeled DNA 

The biotin-labeled DNA is captured by Streptavidin-Peroxidase Polymer (SIGMA, Cat. 

No. S2438) and can be detected by dot blot analysis. The procedure is as following: The 1 µl 

biotin-labeled DNA or biotin-labeled DNA with streptavidin coated magnetic beads (Promega, 

Cat. No. Z5481) were spotted onto the nitrocellulose membrane (Amersham Biosciences, Cat. 

No. FM0053-1) and crosslinked by UV with 0.12 joules twice. The membrane was then 

blocked with 5 % non-fat milk in 1X pH 7.4 PBS with 0.05 % TWEEN 20 at 4 ℃ overnight. 

The membrane was washed with 1X PBS with 0.05 % TWEEN 20 for 5 minutes twice. Then 

the membrane was incubated with 1.5 µg Streptavidin-Peroxidase Polymer in 3 ml 1X PBS 

with 0.05 % TWEEN 20 at room temperature for 3 hours. The membrane was washed with 

1X PBS with 0.05 % TWEEN 20 for 5 minutes six times. The membrane was incubated with 

Chemiluminescent HRP substrate (MILLIPORE, Cat. No.WBKLS0500) for 1 minute. Then it 

was covered with Saran wrap after removing the excessive solution from the surface, then 

exposed to X-ray film in the dark room for proper exposure time. 

 

3.7 Polymerase chain reaction of λ DNA 
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The 1.5 kb PCR product of λ DNA was amplified by the method of PCR with the 

Lambda F and Lambda R primer pair. The sequence of Lambda F is 5’- 

GCATGGAGGACACGGAGGAAGG -3’; Lambda R is 5’- 

GTTCCGGCGGGCTGTCATAA -3’. Each reaction mixture (50μl) contains 60 ng of λ 

DNA, 1 μM of Lambda F and Lambda R primer pair, 0.2 mM of dNTPs (Fermentas, Cat. 

No. R0181), 2 mM of MgCl2 (Fermentas, Cat. No. EP0401), 1.25 unit of Taq DNA 

polymerase (Fermentas, Cat. No. EP0401), and 5 μl of 10X Taq Buffer with KCl (Fermentas, 

Cat. No. EP0401). The PCR conditions were as following: activation of Taq DNA polymerase 

for 5 minutes at 95 ℃, followed by 36 cycles of 1 minute of denaturation at 95 ℃, 45 

seconds of annealing at 58 ℃, and 1 minute of extension at 72 ℃. Finally, the reaction was 

extended at 72 ℃ for 5 minutes. In order to check the PCR result, 2 μl of PCR product was 

analyzed on 1 % agarose gel electrophoresis. 

In order to change the solution from reaction buffer to ddH2O, the PCR product was 

cleaned up by ExcelPureTM PCR Cleanup Kit (Premier, Cat. No. CU250). 500 µl binding 

buffer was added to the reaction product and the mixture was vortexed briefly. The mixture 

was then transferred to Mini-MTM Column and the column was spun at 13000 rpm for 1 

minute. The filtrate in the collection tube was discarded. 700 µl of Washing Solution was 

added and the column was spun for 1 minute. The filtrate was discarded. This washing step 

was repeated once again. After the filtrate was discarded, the column was centrifuged at 

13000 rpm for 3 minutes to remove residual ethanol. Mini-MTM column was transferred to a 

new eppendorf and incubated at 60 ℃ for 5 minutes to evaporate the ethanol. Finally, the 

DNA was eluted by 40 µl ddH2O and the column was spun at 13000 rpm for 1 minute. The 

DNA was stored at -20 ℃. 

 

3.8 Incubation of biotin-labeled DNA with Streptavidin MagneSphere 

Paramagnetic particles 
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100 μg streptavidin-coated magnetic beads (SA) with diameter 1 µm was resuspended 

by gently flicking the bottom of the tube until the particles were completely dispersed, and 

captured them by placing the tube in the magnetic stand until the SA have collected at the side 

of the tube approximately 30 seconds. Then carefully removed the supernatant and washed 

the SA with 100 µl 0.5 M NaCl in 1X TE for 5 times. After each washed, the SA was captured 

with the magnetic stand and carefully removed the washing solution. Finally, the liquid was 

removed as much as possible without disturbing the SA. The biotin-labeled DNA and PCR 

product of λ DNA with 0.5 M NaCl as a control were added to the SA and incubated at 

room temperature for 1 hour with gently flicking the tube every 1-2 minutes. The 

biotin-labeled DNA and PCR product of λ DNA with SA was then washed with 200 µl 0.5 

M NaCl in 1X TE for 4 times. Finally the mixture was resuspended in 100 µl 0.5 M NaCl in 

1X TE. 

  

3.9 Incubation of thiol labeled DNA with Au particles 

160 µg Au particles (Alfa Aesar, Cat. No .00765) of which the diameter was 5 µm were 

resuspended with 40 µl 99.5 % ethanol by gently flicking the bottom of the tube until the 

particles were completely dispersed. Then, 10 µl thiol-labeled DNA and PCR product of λ 

DNA were added and the mixture was left for 1 hour at 65  with gentle mixing by inversion ℃

every 1-2 minutes. After that the cap of the eppendorf was opened at 65  and let the ethanol ℃

to be evaporated. The mixture was resuspended in 40 µl ddH2O. The Au particles were 

captured by spun in 6000 rpm for 10 seconds and carefully removed the supernatant without 

disturbing the Au particles. Then the particles was washed 200 µl 1 X pH 7.4 PBS twice. 

Finally the mixture was resuspeneded in 40 µl ddH2O. 

 

3.10 Restriction enzyme digestion of SA or Au conjugated DNA 

1 µg BspHI digested URA3 with SA or Au particles were digested with 2.5 units of restriction 
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enzyme HincII (TaKaRa, Cat. No. 1059A) in 12 µl reaction volume at 37  for 2 hours. The ℃

reaction was stopped by heating at 65  for 20 minutes. ℃  

1 µg λ DNA with SA or Au particles were digested with 2.5 units of restriction enzyme 

SmaI (Fermentas, Cat. No. ER0661) in 12 µl reaction volume at 30  for 2 hours. The ℃

reaction was stopped by heating at 65  for 20 minutes. ℃  

 

3.11 Fluorescence staining   

100 µl biotin labeled DNA conjugated with SA was captured with a magnetic stand. And 

the 50 µl thiol labeled DNA with Au particles was spun at 6000 rpm for 10 seconds. The 

supernatant was carefully removed without disturbing the particles. Then the particles were 

incubated with 200 µl 1 µM YOYO-1 (Molecular Probes, Cat No. Y3601) in dark at room 

temperature for 30 minutes. After that the DNA-conjugated particles were washed with 200 µl 

1X PBS twice by gently flicking the bottom of the tube until all of the particles were 

resuspended, the particles were captured again. Finally, the particles were resuspended in 200 

µl 1X PBS. 10 µl particles was dropped to the slides and placed a 180 * 180 mm coverslip on 

it, the slide was sealed with nail polish. Then the samples were viewed with a fluorescence 

microscope with a standard fluorescent filter set.     
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IV. Result 
In this study, two different DNAs were used for assessing the techniques of anchoring 

the ends to either Magnetic beads and or particles. One was the pGEM-URA3, 4.4 kb in 

length (Figure 4A), linearized into 3.3 kb and 1 kb fragments. The other is the linear genome 

of λ phage, 48 kb.  

 

4.1 Biotin-labeled DNA incubated with streptavidin coated magnetic beads 

4.1.1 Obtaining short DNA templates  

The pGEM-URA3 plasmid was digested into 3.3 kb and 1 kb short DNA fragments with 

5’ end overhang by BspHI as shown in the band A and B of Figure 4B, and the band C in lane 

2 was undigested pGEM-URA3 plasmid. The 3.3 kb and 1 kb fragments were named 

BspH-URA3-A and BspHI-URA3-B and were used as the short template DNAs. 

The 4 bp 5’ overhang of the BspHI-digested URA3 (BspH-URA3-A and BspHI-URA3-B) 

were filled in with biotin-labeled dATP and non-biotin-labeled dNTPs by Klenow. The control 

was filled in with non-biotin-labeled dNTPs only, after that the fill-in products were cleaned 

up by ethanol precipitation twice.  

 

4.1.2 Obtaining long DNA templates 

For the long DNA template, the 12 bp 5’ overhang of λ DNA was filled in with either 

biotin-labeled dATP or dCTP mixed in non-biotin-labeled dNTPs (with the ratio 1:2) by 

Klenow. Some were filled in with non biotin-labeled dNTPs as control, and then the products 

were cleaned up by ethanol precipitation twice. 

The fill-in λ DNA was then subjected to BaeI digestion to examine whether the fill-in of 

λ DNA was successful. Because of the 12 bp complementary 5’ end overhang, some of the λ 

DNA will form circular form DNA spontaneously. Only if the sticky end is filled in and 
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turned into blunt end, will the λ DNA become linear form. There are 10 BaeI cutting sites on λ 

DNA. For a linear form λ DNA after BaeI digestion, there will be 11 digestion fragments. The 

sizes of the fragments are 694, 6971, 5602, 2508, 496, 2461, 377, 2670, 22197, 4409, 117 bps. 

If the λ DNA is in circular form, then after digestion, some of the 694 bps and 117 bps 

fragments will appear as 801 bps fragment (shown in Figure 5A). Therefore the appearance of 

the 801 bps DNA fragment can be the maker to monitor the Klenow fill-in reaction.  

The 5’ overhang of λ DNA was filled in with biotin-labeled dATP or dCTP and mixed in 

non-biotin-labeled dNTPs and incubated with Klenow for 15, 30, 60 minutes. The mixtures 

without ligation reaction were then digested by BaeI in 25  for 2 hours. The digestion result ℃

was shown in Figure 5B. Lane 10 was the control λ DNA without nucleotides fill-in, and it 

had the 801 bps DNA fragment (shown in the band D of Figure 5B, indicated by an arrow) 

consisting of the 117 and 694 bps DNA fragments. Lanes 1-3 were the λ DNAs filled in with 

biotin-lableled dATP mixed with non-biotin-labeled dNTPs (BioA-λ DNA) and incubated in 

25  for 15, 30, 60 minutes℃ . Lanes 4-6 were λ DNAs filled in with biotin-labeled dCTP 

mixed with non-biotin-labeled dNTPs (BioC-λ DNA) and incubated for 15, 30, 60 minutes. 

Lanes 7-9 were the λ DNAs filled in with non-biotin-labeled dNTPs (dNTP-λ DNA) for 15, 

30, 60 minutes. Gel electrophoresis result of lanes 1-9 reveals that they only had the 117 and 

694 bps DNA fragments and did not have the 801 bps DNA fragment. Therefore, majority of 

the DNAs were filled in successfully. 

 

4.1.3 Dot blot of biotin-labeled DNA 

To further examine whether the biotin-labeled nucleotides were filled in, the reaction 

products were tested to determine whether they could be captured by Streptavidin-Peroxidase 

Polymer and the presence of peroxidase polymer was analyzed by dot blot. If the 

biotin-labeled nucleotides were filled in, then the Streptavidin-Peroxidase Polymer can attach 

to the biotin-labeled DNA. Therefore, the peroxidase polymer will be detected by dot blot. 
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There were four treatments in the dot blot of biotin-labeled BspHI-digested URA3: The 

DNAs of BspHI-digested URA3 were treated with either biotin-labeled dATP mixed with 

non-biotin-labeled dNTPs (BioA-BspHI-URA3) or non-biotin-labeled dNTPs 

(dNTP-BspHI-URA3) only. Biotin-labeled dATP with no DNA (BioA) and HindIII-digested 

λ DNA with biotin-labeled (Control DNA) were used as controls. As the result shown in 

Figure 6A, BspHI-URA3-BioA and control DNA appear to be positive on film, and the sizes 

of the dots reduced as the quantity of DNA decreased. 

Next, the long DNA tempate, λ DNA was tested with the same treatments. The data in 

Figure 6B indicate that the λ DNA with either biotin-dATP (BioA-λ DNA) or dCTP (BioC-λ 

DNA) fill-in for various incubation times are positive and the λ  DNA with 

non-biotin-labeled dNTPs fill-in (dNTP-λDNA), biotin-dATP with no DNA (BioA) and 

biotin-dCTP with no DNA (BioC) are not. 

 

4.1.4 Analysis with the gel electrophoresis of the supernatant of the biotin-labeled DNA 

interacting with streptavidin coated magnetic beads 

To determine whether the biotin-labeled DNA can be anchored to magnetic beads via the 

streptavidin coating, it is necessary to check the quantity of DNA within the supernatant after 

it was incubated with streptavidin coated magnetic beads (SA). If the DNAs can now be 

anchored to the SA, then they will be precipitated down and disappeared from the supernatant. 

The biotin-labeled DNA was incubated with either 100 µg SA or 100 µl ddH2O at room 

temperature for 1 hour, and then the supernatant was analyzed by gel electrophoresis. 

The results of BioA-BspHI-URA3 and dNTP-BspHI-URA3 incubated either with SA or 

ddH2O can be seen in Figure 7A. They reveal that the 1 and 3.3 kb DNA fragments of 

BioA-BspHI-URA3 in the supernatant decreased after incubated with SA compared to 

ddH2O(Figure 7A, bands E and F in lanes 1 vs. 2). And the supernatant of 

dNTP-BspHI-URA3 incubated with SA was almost the same as incubated with ddH2O 



22 

(Figure 7A, bands E and F in lanes 3 vs. 4). The 1.5 kb λ DNA PCR product is the internal 

control (band G). 

As the Figures 7B shows, the band of BioA-λ DNA incubated with SA (BioA-λ 

DNA-SA) and that of BioC-λ DNA incubated with SA (BioC-λ DNA–SA) were relatively 

diminished compared with that incubated with ddH2O (Figure 7B, Band H in Lane 1 vs. 2 and 

Band H in Lane 3 vs. 4). The decreased quantity of BioC-λ DNA was more than that of 

BioA-λ DNA. The bands of dNTP-λ DNA incubated with either SA or ddH2O were almost the 

same (Band H in Lane 5 vs. 6). The 1.5 kb λ DNA PCR product is the internal control (Band 

I). 

 

4.1.5 Dot blot of biotin-labeled DNA with SA after several washed 

The biotin-labeled BspHI-URA3 and λ DNA were incubated with SA at room 

temperature for 1 hour and washed by 0.5 M NaCl in 1X TE buffer 4 times. Finally the 

reaction was resuspended in 200 µl 0.5 M NaCl in 1X TE. If one end of the biotin-labeled 

DNA is anchored to SA and the other end is free, it can be captured by 

Streptavidin-Peroxidase Polymer and appears to be positive on the blot.  

The BioA-BspHI-URA3 was incubated with either SA or ddH2O 

(BioA-BspHI-URA3-SA and BioA-BspHI-URA3-H2O, respectively). For the control, 

dNTP-BspHI-URA3 and ddH2O were incubated with SA (BspHI-URA3-dNTP-SA and 

H2O-SA, respectively) and the reaction precipitates were washed by 200 µl 1X PBS 1 to 4 

times. The data in Figure 8A shows that BioA-BspHI-URA3-SA still showed positive in the 

blot after being washed 4 times, and the signal of BioA-BspHI-URA3-H2O was washed away 

after two washes. There is no signal for dNTP-BspHI-URA3-SA. Therefore, certain 

proportions of the BioA-BspHI-URA3-SA have at least one end free of SA and the other end 

bound by SA. 

Figure 8B shows the result of BioA-λ DNA and BioC-λ DNA incubated with either SA 
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or ddH2O (BioA-λ DNA-SA, BioC-λ DNA-SA, BioA-λ DNA-H2O and BioC-λ DNA-H2O, 

respectively), and that of dNTP-λ DNA and ddH2O incubated with SA (dNTP-λ DNA-SA and 

H2O-SA, respectively). BioA-λ DNA-SA and BioC-λ DNA-SA were still positive after being 

washed 4 times and BioA-λ DNA-H2O and BioC-λ DNA-H2O were negative after being 

washed once. There is no signal for dNTP-λ DNA-SA and H2O-SA. Therefore, certain 

proportions of the BioA-λ DNA-SA and BioC-λ DNA-SA have at least one end free of SA 

and the other end bound by SA. 

 

4.1.6 Restriction enzyme digestion of biotin-labeled DNA with SA after 4 washes 

To examine whether both ends of biotin-labeled DNA are anchored to SA, restriction 

enzyme digestion is introduced to cut the DNA into smaller fragments. If both end fragments 

were anchored to SA, then they will be precipitated down and will not show up in the 

supernatant, which was subjected to the analysis by electrophoresis. 

Figure 9B shows the result of restriction enzyme HincII digestion of 

BioA-BspHI-URA3-SA, BioA-BspHI-URA3-H2O, dNTP-BspHI-URA3-SA and 

dNTP-BspHI-URA3-H2O. HincII cut the 3.3 kb DNA fragment into three fragments (1144, 

960 and 1237 bps). The1144 bp and 1237 bp DNA fragments contain the original ends and 

should be anchored to SA (Figure 9A), if they were biotin-labeled. We can see there is a DNA 

fragment (band J) and a small amount of 1.1-1.2 kb DNA fragment (band K) in the lane of 

BioA-BspHI-URA3-SA after HincII digestion (Figure 9B). The lane of 

BioA-BspHI-URA3-H2O, dNTP-BspHI-URA3-SA and dNTP-BspHI-URA3-H2O were 

negative (Figure 9B). Therefore, it is very likely BioA-BspHI-URA3-SA is filled in with 

biotin and was able to bind to SA. 

Restriction enzyme SmaI cut λ DNA into 19400, 12220, 8271, and 8611 bps DNA 

fragments, and the 19400 and 8611 bp DNA fragments should be anchored to SA (Figure 

10A). The result of the untreated λ DNA digested by SmaI was shown at Figure 10 B and the 
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band L was the 19400 bps fragment. Figure 10C was the result of BioA-λ DNA-SA, BioC-λ 

DNA-SA, dNTP-λ DNA-SA after SmaI digestion. It illustrates that there were two DNA 

fragments on the lane of BioC-λ DNA-SA. One was about 8 kb and the other was greater than 

10 kb (band M and N) and the lane of BioA-λ DNA-SA and dNTP-λ DNA-SA were negative 

after digestion. Therefore, it is very likely BioA-λ DNA-SA and BioC-λ DNA-SA are filled in 

with biotin and were able to bind to SA. 

 

4.1.7 Fluorescence staining of biotin-labeled DNA with SA 

Biotin-labeled DNA with SA was stained with YOYO-1, which allows over a 

thousand-fold increase in its green fluorescence when bound to dsDNA. The DNA sample 

was stained with 200 µl  1 µM YOYO-1 at room temperature for 30 minutes, then the 

stained product was washed with 1 X PBS twice to remove free YOYO-1 and DNA not 

anchored by SA, and the pellet was resuspended in 1X PBS. 10 µl of the mixture was placed 

on the slide and observed under fluorescence microscope with 400X magnification. 

The results are shown in Figure 11. The data shows that BioA-BspHI-URA3-SA was 

stained by the green fluorescence after washed, and that of dNTP-BspHI-URA3-SA and 

H2O-SA were negative after washed.  

The staining results of BioA-λ DNA-SA, BioC-λ DNA-SA, dNTP-λ DNA-SA and 

H2O-SA were shown in Figure 12. The BioC-λ DNA-SA was stained by green fluorescence 

after washed and the image of BioA-λ DNA-SA shows no significant difference from that of 

dNTP-λ DNA–SA. 

 

4.2 Thiol-labeled DNA incubated with Au particles 

4.2.1 Dot blot of thiol-labeled DNA with biotin maleimide  

Thiol was added to the 3’ end of DNA by 3’EndTag Thiol labeling Kit. To examine 

whether the thiol is added, the biotin maleimide was added which the maleimide group reacts 
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to the thiol group. A stable thioether linkage between the maleimide group and sulfhydryl is 

formed, which cannot be cleaved under physiological conditions. Once the ends of DNA were 

labeled with biotin maleimide, it can be interact with Streptavidin−Peroxidase Polymer, of 

which the peroxidase polymer activity can be detected by dot blot. 

As the Figure 13A shows, BspHI-URA3 with either thiol addition (BspHI-URA3-SH) or 

ddH2O were reacted with 10 µl biotin maleimde in 65  for 30 minutes, the℃ n they were 

cleaned up by phenol extraction 3 times and were incubated with Streptavidin−Peroxidase 

Polymer before the analysis of dot blotting. The data of BspHI-URA3-SH appears to be 

positive on the film and the great parts of ddH2O with biotin-maleimide were lost as the blot 

sizes reduced after extraction 3 times. 

Next, the long DNA template, λ DNA was tested with the same treatment. The result of λ 

DNA with either thiol addition (λ DNA-SH) or ddH2O incubated with biotin maleimde was 

shown in Figure 13B. They were cleaned up by phenol extraction 3 times and the result was 

shown. The data illustrates that of λ DNA-SH still appears to be positive after extraction 3 

times, and the great part of ddH2O with biotin-maleimide was lost as the blot sizes reduced 

after extraction 3 times. The control was 1 µg HindIII-digested λ DNA with biotin-labeled. 

 

4.2.2 Analysis with gel electrophoresis of the supernatant of the thiol-labeled DNA 

interacting with Au particles 

To determine whether the thiol-labeled DNA can be tethered to Au particles, it is 

necessary to check the quantity of thiol-labeled DNA in the supernatant after it was incubated 

with Au particles. The thiol-labeled DNA was incubated with or without 160 μg Au particles 

in ethanol at 65  for 1.5 hours. In or℃ der to evaporate the ethanol, the reaction products were 

heated in 65  ℃ with the cap of eppendorf opened. After that the products were resuspended in 

40 µl ddH2O and the supernatant was analyzed by gel electrophoresis.   

The result of BspHI-URA3-SH incubated with or without Au was shown at Figure 14A, 
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there were no obvious difference between BspHI-URA3-SH incubated with or without Au 

(BspHI-URA3-SH-Au and BspHI-URA3-SH-NoAu, respectively) (Bands O and P in Lane 1 

vs, Lane 2). And also no obvious difference between BspHI-URA3 without thiol-labeled 

(BspHI-URA3-NoSH) incubated with or without Au (BspHI-URA3-NoSH-Au and 

BspHI-URA3-NoSH-NoAu, respectively) (Bands O and P in Lane 3 vs. Lane 4). Nevertheless, 

the lane of BspHI-URA3-NoSH-Au and BspHI-URA3-NoSH-NoAu were smeared. The 1.5 

kb of λ DNA PCR product is the internal control (band Q). 

As the Figure 14B shows, there is no distinct difference between λ DNA-SH incubated 

with or without Au (λ DNA-SH-Au and λ DNA-SH-NoAu, respectively) (Band R in Lane 1 

vs. Lane 2) and there is also no distinct difference among λ DNA without thiol-labeled (λ 

DNA-SH-No) and those incubated with Au and without Au (λ DNA-NoSH-Au and λ 

DNA-NoSH-NoAu, respectively) (Band R in Lane 3 vs. Lane 4). However the bands of λ 

DNA in these four lanes were almost lost (Band R). The 1.5 kb of λ DNA PCR product is the 

internal control (Band S). 

 

4.2.3 Restriction enzyme digestion of thiol-labeled DNA with Au after several washed 

To examine whether thiol-labeled DNA is tethered to Au particles, restriction enzyme 

digestion is introduced to cut DNA into smaller fragments. If both its end fragments were 

anchored to Au particles, then they will be precipitated down and will not show up in the 

supernatant, which was subjected to analysis by electrophoresis. 

The BspHI-URA3-SH-Au and λ DNA-SH-Au were washed by ddH2O for 4 times and 

resuspended in ddH2O. The washed products were then digested by restriction enzymes. 

Figure 15A shows the result of HincII digested BspHI-URA3-SH-Au. The 3.3 kb DNA 

fragment of BspHI-URA3 was digested into 3 fragments (1144, 960 and 1237 bps) by HincII 

as shown in Figure 9A, the 1144 and 1237 bp DNA fragments were at the ends and should be 
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anchored to Au particles. As the data reveal in Figure 15A, the lane of BspHI-URA3-SH-Au 

had two DNA fragments, one was the 960 bps DNA fragment (band T) and the other was 

between 1 and 1.5 kb (band U). The lanes of BspHI-URA3-SH-NoAu, 

BspHI-UAR3-NoSH-Au and BspHI-URA3-NoSH-NoAu showed no DNA fragment after 

digestion. 

The λ DNA-SH was digested into 4 DNA fragment (19400, 12220, 8271 and 8611 bps) 

by SmaI, and the 19400 and 8611 bp DNA fragments should be anchored with Au (shown in 

Figure 10 A). The result of the λ DNA-SH-Au digested by SmaI was shown in Figure 15B. 

There were two DNA fragments on the lane of λ DNA-SH-Au, one is about 8 kb (lane W) and 

the other was greater than 10 kb (lane V). The lane of λ DNA-SH-NoAu, λ DNA-NoSH-Au 

and λ DNA-NoSH-NoAu showed no DNA fragment after digestion.  

 

4.2.4 Fluorescence staining of thiol-labeled DNA with Au after several washed 

Thiol-labeled DNA with Au was stained with YOYO-1, which allows over a 

thousand-fold increase in its green fluorescence when bound to dsDNA. The DNA sample 

was stained with 200 µl 1 µM YOYO-1 at room temperature for 30 minutes. Then the stained 

product was washed with 1X PBS twice to remove free YOYO-1 and DNA not anchored by 

Au. 10 µl of mixture was placed on the slide and observed under fluorescence microscope 

with 400X magnification. 

As we can see in the Figure 16, the BspHI-URA3-SH-Au was stained by the green 

fluorescence after washed and a little of BspHI-URA3-NoSH-Au was stained by the green 

fluorescence. Those of BspHI-URA3-SH-NoAu and BspHI-URA3-NoSH-NoAu were 

negative after stained. 

The result of λ DNA-SH-Au stained with YOYO-1 was shown in Figure 17. The data 

reveal both the λ DNA-SH-Au and λ DNA-NoSH-Au were stained by green fluorescence 

after washed, and those of λ DNA-SH-NoAu and λ DNA-NoSH-NoAu were negative. 
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V. Discussion 
The research of Bennink ML et al. (1999) proposed that both the sticky ends of λ DNA 

could be used to attach biotin with Klenow DNA polymerase. This individual DNA molecule 

was captured between two streptavidin coated polystyrene beads. The first bead is 

immobilized by the optical tweezers and the second by the micropiptte. However, this method 

could only manipulate a single DNA molecule each time.  

Recently, a micromachined magnetic tweezers for DNA manipulation using MEMS 

technologies was proposed by Chiou et al. (2005). One sticky end of a single DNA molecule 

was hybridized with a biotinylated primer and bonded onto a magnetic bead. The other end 

was incorporated with S4-dTTP using Klenow fragment and tethered to a gold surface. This 

model is still limited for DNA molecule because one of its sticky ends must be hybridized 

with the homologues biotinylated primer.  

In this study, we developed a novel method for coupling the both ends of a linear DNA 

with metal beads without needing to treat the two ends of DNA differently, which can be 

useful for DNA manipulation. Both its ends were tethered with micron size magnetic beads 

and Au particles that can easily be manipulated under magnetic or optical tweezers and the 

tethered processes were suited for the entire DNA molecule.  

  The DNA templates used in this research were the two fragments of BspHI-digested 

pGEM-URA3 plasmid (0.34 and 1.12 µm in length, known as the short template) and the λ 

DNA fragment (16.49 µm, the long template).  The diameter of double-stranded DNA is 2 

nm. The diameter of the magnetic beads and Au particles were about 1 µm and < 5µm, 

respectively. 

 

5.1 Biotin-labeled DNA incubated with streptavidin coated magnetic beads 

5.1.1 Fill-in with biotin-labeled dATP or dCTP 
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The DNA was anchored to magnetic beads through the interaction between 

biotin-labeled nucleotides filled in at the 5’ end overhang sequences with the streptavidin 

coats magnetic. pGEM-URA3 was digested into 1 and 3.3 kb DNA fragments (band A and B) 

by restriction enzyme BspHI (Figure 4B) and the 5’ overhang was then filled in with 

biotin-labeled dATP. The 5’ overhang of λ DNA was filled in with either biotin-labeled dATP 

or dCTP. The fill-in products were cleaned up by ethanol precipitation twice (without phenol 

extraction) and dissolved in ddH2O. The supposedly biotin-labeled DNAs were then subjected 

for further analysis to determine whether the biotin was incorporated or used directly for 

conjugation with SA. 

 

5.1.2 BaeI digestion for examining the fill-in of λ DNA  

Due to the 5’ single-stranded 12 bps complementary region, λ DNA can form circular 

form spontaneously. If the Klenow successfully fills in the region, then it can only be linear 

form. 

The λ DNA after fill-in was digested by restriction enzyme BaeI and the appearance of 

the 801 bps DNA fragment from circular form is used as the marker to indicate the 5’ ends 

were not filled in. As in Figure 5B, only the λ DNA without fill-in has a clear indication of 

the 801 bps fragment (Band D). Therefore, the λ DNAs were able to be filled in. 

  

5.1.3 Dot blot of biotin-labeled DNA 

The other way to examine the fill-in reaction is to use dot blot to detect the peroxidase 

polymer activity conjugated with streptavidin, which can interact to the DNA via the fill-in 

biotin-labeled nucleotides. 

As the result shown in Figure 6A, BspHI-URA3-BioA was positive on the blot even 

when the quantity was low (down to 1 µg). There was no detection on the biotin-labeled dATP. 

Therefore, the positive signal indicates some of the BspHI-URA3-BioA was retained by the 
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streptavidin peroxidase polymer. This is an indication that BspHI-URA3-BioA has biotin 

labeled nucleotides. 

Next, the long DNA template, λ DNA was tested with the same treatment. The result 

shown in Figure 6B, BioA-λ DNA and BioC-λ DNA were positive even if the incubation 

times was only 15 minutes, and there was no signal on the biotin-labeled dATP and 

biotin-labeled dCTP. The positive signals of BioA-λ DNA and BioC-λ DNA indicate that they 

were retained by streptavidin peroxidase polymer. This is an indication that BioA-λ DNA and 

BioC-λ DNA have biotin-labeled nucleotides. 

 

5.1.4 Supernatant of biotin-labeled DNA interacting with SA  

To determine whether the biotin-labeled DNA can be tethered to magnetic beads via the 

streptavidin coating, it is necessary to check the quantity of biotin-labeled DNA in the 

supernatant after it was incubated with SA. If the biotin-labeled DNA were tethered to SA, 

then the quantity of biotin-labeled DNA in the supernatant will be reduced and show up in the 

supernatant, which subjects to analysis by electrophoresis. 

The Figure 7A reveals that the 1 and 3.3 kb fragments of BioA-BspHI-URA3 reduced in 

the supernatant of BioA-BspHI-URA3-SA compared to the BioA-BspH-URA3-H2O (Band E 

and F in Lane 1 vs. Lane 2), and the supernatant of dNTP-BspHI-URA3 incubated with either 

SA or ddH2O were almost the same (Band E and F in Lane 3 vs. Lane 4). The reduction of the 

BioA-BspHI-URA3 in the supernatant indicates that the BioA-BspHI-URA3 was anchored to 

SA and there was no non-specific binding of non-biotin-labeled DNA to SA.  

The result of the supernatant of BioA-λ DNA and BioC-λ DNA incubated with SA were 

shown in Figure 7B. The data suggests that amount of the BioC-λ DNA in the supernatant of 

BioC-λ DNA- SA was greatly reduced compared to that of the BioC-λ DNA-H2O (Band H in 

Lane 1 vs. Lane 2), and certain amount of the of BioA-λ DNA in the supernatant of the 

BioA-λ DNA-SA was reduced compared to that of the BioA-λ DNA-H2O (Band H in Lane 3 
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vs. Lane 4). The dNTP-λ DNA in the supernatant of dNTP-λ DNA incubated in SA was 

almost the same as incubated with ddH2O (Band H in Lane 6 vs. Lane 7). According to the 

reduction of biotin-labeled λ DNA, it indicates that BioA-λ DNA and BioC-λ DNA were 

anchored to SA and there was no non-specific binding of non-biotin-labeled DNA to SA. 

Furthermore, the binding capacity of BioC-λ DNA to SA is much more than BioA-λ DNA to 

SA. This may be because the number of biotin-labeled nucleotides in BioC-λ DNA was more 

than that in BioA-λ DNA. The 5’ overhang of λ DNA was filled in with one biotin-labeled 

dATP at each end (Figure 2), whereas there were 4 and 6 biotin-labeled dCTP at the end 

(Figure 2). Due to the amount of biotin-labeling in BioC-λ DNA was more than that in 

BioA-λ DNA, the chance of being bound to SA was raised so that the BioC-λ DNA in the 

supernatant reduced much more than that in BioA-λ DNA. The BioA-BspHI-URA3 has only 

one biotin-labeled on both ends but the reduction is significant. That may because of the 

extent of binding of biotinylated DNA to SA is inversely proportional to the length of the 

DNA, presumably due to charge repulsion between DNA molecules. This effect appears to be 

a universal characteristic and is independent of the properties of the SA [Lui et al., 1997]. 

 

5.1.5 Dot blot of biotin-labeled DNA interacting with SA after several washed 

The other way to examine the interacting reaction is to use dot blot to detect the 

peroxidase polymer activity conjugated with streptavidin, which can interact to the 

biotin-labeled DNA of which one end is anchored to SA and the other end is free.  

The result of BioA-BspHI-URA3-SA was shown in Figure 8A, BioA-BspHI-URA3-SA 

showed positive in the blot even after 4 washes, and the BioA-BspHI-URA3 was washed 

away after two washes (Lane of BioA-BspHI-URA3-H2O). Therefore, there is certain 

proportion of BioA-BspHI-URA3 having at least one end free of SA and the other bound by 

SA. 

The result of BioA-λ DNA-SA and BioC-λ DNA-SA in Figure 8B showed that the 
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BioA-λ DNA-SA and BioC-λ DNA-SA were still positive in the blot even if the reactions 

were washed 4 times, and the BioA-λ DNA and BioC-λ DNA were washed away after first 

wash (Lane of BioA-λ DNA-H2O and BioC-λ DNA-H2O). The positive signal of BioA-λ 

DNA-SA and BioC-λ DNA-SA indicates that certain proportion of BioA-λ DNA and BioC-λ 

DNA have at least one end free of SA and the other bound by SA. 

 

5.1.6 Restriction enzyme digestion of biotin-labeled DNA incubated with SA 

To examine whether the biotin-labeled DNA is anchored to SA with either both ends or 

just one end, it was digested by restriction enzyme and analyzed by electrophoresis. If both 

end fragments were anchored to SA, then they will be precipitated down and will not show up 

in the supernatant which was subjected to electrophoresis. HincII cuts the 3.3 kb DNA 

fragment of BspHI-URA3 into 1237, 960, 1144 bps. The 1237 and 1144 bps DNA fragments 

were on the ends and should be anchored to SA (Figure 9A). The result in Figure 9B indicates 

that there was the 960 bps DNA fragment (Band J) and small amount of 1~1.5 kb DNA 

fragment (Band K) in Lane 1. According to the quantity ratio of band J to band K, most 

BioA-BspHI-URA3 were anchored to SA with both ends and only few BioA-BspHI-URA3 

were anchored to SA with just one end.  

The result of BioC-λ DNA-SA was the same as above. λ DNA was digested into 19400, 

12220, 8271, 8611 bps DNA fragments by SmaI. The 19440 and 8611 bp fragments were on 

the ends and should be anchored to SA (Figure 10A). As shown in Figure 10B, the 19440 bps 

fragment (Band L) can be observed in the SmaI digested untreated λ DNA with 1 % agarose 

gel. The result in Figure 10C indicates that BioC-λ DNA-SA does not have the 19400 bps 

fragment after SmaI digestion (Lane 2). Therefore, the BioC-λ DNA was anchored to SA at 

both ends. Compared to the result in the dot blot of BioC-λ DNA incubated with SA after 

several washed, there should be some BioC-λ DNA with at least one end free of SA and the 

other end bound to SA. However the quantity was too low to be detected in the 
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electrophoresis. There was no signal detected on the lane of BioA-λ DNA after SmaI 

digestion (Lane 1), so we can not know whether the BioA-λ DNA was anchored to SA at both 

ends. Compared to the result of dot blot of BioA-λ DNA incubated with SA after several 

washed, there should be only few BioA-λ DNA which have at least one end free of SA and 

the other end bound to SA, of which the quantity was too low to be detected in the 

electrophoresis. 

 

5.1.7 Fluorescence staining of biotin-labeled DNA with SA 

This method can examine whether biotin-labeled DNA is anchored to SA directly. The 

biotin-labeled DNA with SA was stained with YOYO-1, which exhibits 100 to 1000 fold 

fluorescence enhancement upon binding to dsDNA. The image in Figure 11 reveals that the 

non-specific binding DNA was washed away since the dNTP-BspHI-URA3-SA did not have 

the green fluorescence after washes and BioA-BspHI-URA3-SA was stained by the green 

fluorescence after washes; therefore, the reaction of anchoring BioA-BspHI-URA3 to SA was 

successful since it had the green fluorescence on the SA with the relatively position to the 

bright-field view.  

The image of biotin-labeled λ DNA with SA was shown in Figure 12. The BioC-λ 

DNA-SA was stained by green fluorescence after washes. Compared to the image of dNTP-λ 

DNA-SA, we can know that the reaction of BioC-λ DNA anchored to SA was successful. 

Nevertheless, the image of BioA-λ DNA showed no significant difference with that of 

dNTP-λ DNA. The result of dot blot of BioA-λ DNA-SA showed that certain proportion of 

BioA-λ DNA was at least with one end free and the other end bound to SA. Only a little of 

BioA-λ DNA bound to SA because of the weak binding capacity, so we can not see the 

difference from that of dNTP-λ DNA. 

 

5.1.8 Summary 
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 The result of biotin-labeled DNA anchored to streptavidin coated magnetic beads was 

shown in Table 1. According to the results of BaeI digestion, λ DNA was filled in 

successfully. The positive signals of BioA-BspHI-URA3, BioA-λ DNA-SA and BioC-λ 

DNA-SA in dot blot indicate that they have biotin labeled nucleotides. Most of the 

BioA-BspHI-URA3 and BioC-λ DNA-SA were anchored to SA at both ends according to the 

results of restriction enzyme digestion and fluorescence staining of biotin-labeled DNA with 

SA. Compared to the dot blot of the biotin-labeled DNA with SA, it shows that only few of 

BioA-λ DNA-SA was anchored to SA with one end free.    

 

5.2 Thiol-labeled DNA incubated with Au particles 

The DNA was anchored to Au particles through the interaction between thiol and Au 

linkage. The 1 and 3.3 kb BspHI digested URA3 fragments (Figure 4B) and λ DNA were 

labeled with thiol in its 3’ end. The supposedly thiol-labeled DNAs were then subjected for 

further analysis to determine whether the thiol is incorporated or used directly for conjugation 

with Au particles. 

 

5.2.1 Dot blot thiol-labeled DNA incubated with biotin maleimide 

 Next, it is necessary to determine whether the thiol and the biotin maleimide which is 

most selective for sulfhydryl groups were added to the DNA. A stable thioether linkage 

between the maleimide group and the react sulfhydryl, once formed, cannot be cleaved under 

physiological conditions. Once the ends of DNA were labeled with biotin maleimide, it can 

interact with streptavidin peroxidase polymer, of which the peroxidase polymer activity can 

be detected by dot blot.  

The result of BspHI-URA3-SH incubated with biotin maleimide (Figure 13A) reveals 

that great proportion of the non-specific binding biotin maleimide was lost and the 

BspHI-URA3-SH incubated with biotin maleimide remains positive in the blot after 
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extraction 3 times (Lane of Biotin maleimide and BspHI-URA3-SH-biotin maleimide). And 

the λ DNA-SH incubated with biotin maleimide was the same (Figure 13B). The lane of λ 

DNA–SH-biotin maleimdie remains positive after extraction 3 times with the great proportion 

of non-specific binding biotin maleimide lost (Lane of Biotin maleimide). Therefore, the 

BspHI-URA3 and λ DNA had the thiol addition.  

 

5.2.2 Analysis with gel electrophoresis of the supernatant of the thiol-labeled DNA 

interacting with Au particles 

To examine whether the thiol-labeled DNA can be anchored to Au particles via the 

Au-thiol linkage, it is necessary to check the quantity of thiol-labeled DNA in the supernatant 

after incubated with Au, by electrophoresis analysis of the supernatant. The result of 

BspHI-URA3-SH incubated with Au in Figure 14A reveals that there had no obvious 

difference between the lanes of BspHI-URA3-SH incubated with or without Au (Lane 1 vs. 

Lane 2). The result of λ DNA-SH incubated with Au was different (Figure 14B). The bands of 

λ DNA was lost in the supernatants of λ DNA-SH-Au and λ DNA-SH-H2O (Band R in lane 1 

and lane 2, respectively). The lanes of BspHI-URA3-NoSH-Au, BspHI-URA3-NoSH-NoAu, 

λ DNA-SH-NoAu, λ DNA-NoSH-Au, and λ DNA-NoSH-NoAu were smear. 

The results of BspHI-URA3-SH-Au and λ DNA-SH-Au showed no signal. There are two 

possibilities, one is that the thiol-labeled DNA was not anchored to Au particles, and the other 

is the quantity of thiol-labeled DNA anchored to Au was too little to be detected by 

electrophoresis. 

 

5.2.3 Restriction enzyme digestion of thiol-labeled DNA with Au after several washed. 

In order to examine whether the thiol-labeled DNA was anchored to Au particles, 

restriction enzyme is introduced to cut the thiol-labeled DNA into smaller fragments. If both 

end fragments were anchored to Au, then they would be precipitated down and would not 
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show up in the supernatant, which was subjected to analysis by electrophoresis. 

HincII cuts the 3.3 kb fragment of BspH-URA3 into three small fragments (1144, 960 

and 1237 bps), the 1144 and 1237 bp DNA fragments were on the ends and should be 

anchored to the metal particles if the thioester linkage was formed (Figure 9A). The result of 

BspHI-URA3-SH-Au digested by HincII in Figure 15A reveals that there was the 960 bps and 

1 ~1.5 kb fragment (Band T and U) on the lane of BspHI-URA3-SH-Au, and the non-specific 

binding of DNA to Au was washed away since there was no signal on the lane of 

BspHI-URA3-NoSH-Au (Lane 3). According to the ratio between bands T and U, I would 

conclude that certain proportion of BspHI-URA3-SH was anchored to Au at both ends and 

some were at least free at one end. 

The λ DNA is digested into 19400, 12220, 8271, 8611 bps fragments by SmaI. The 

19440 and 8611 bp fragments were on the ends and should be anchored to the metal particles 

(Figure 10A). The result of λ DNA-SH-Au digested by SmaI (Figure 15) shows that it has the 

8 kb and >10 kb fragments (Bands V and W) on the lane of λ DNA-SH-Au and the 

non-specific binding of DNA to Au was washed away since there was no detected signal on 

the lane of λ DNA-NoSH-Au (Lane 3). As it did not have the 19400 bps fragment (Band L in 

Figure 10B) on the gel, I would conclude that most of the λ DNA-SH were anchored to Au at 

both ends. 

According to the result of whether the thiol-labeled DNA in the supernatant was reduced 

when incubated with Au particles, it can be concluded that only little of BspHI-URA3-SH and 

λ DNA-SH were anchored to Au. I cannot detect the reduction of the thiol-labeled DNA in the 

supernatant by the electrophoresis. Nevertheless, the DNA fragments of HincII and SmaI 

digestion (Bands T and U, Band V and W) showed up in the supernatant after the restriction 

enzyme digestion, which means only a few of the BspHI-URA3-SH have at least one end free 

of Au and the other end bound to Au, of which the reduction quantity was too low to be 

detected in the supernatant of the biotin labeled DNA with SA. Too few of the λ DNA-SH 
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were bound to Au at both ends, of which the reduction quantity was too low to be detected in 

the supernatant of the biotin labeled DNA with SA.  

 

5.2.4 Fluorescence staining of thiol-labeled DNA with Au particles 

Whether the thiol-labeled DNA is anchored to Au particles can be confirmed by 

fluorescence staining with YOYO-1.  

The image in Figure 16B reveals that the BspHI-URA3-NoSH-Au had the green 

fluorescence after washes. This may be due to the non-specific interaction between DNA and 

Au particles [Cárdenas et al., 2006]. Nevertheless, the green fluorescence is much stronger in 

the image of BspHI-URA3-SH-Au after washes (Figure 16A). The green fluorescence was at 

the relatively same position as the Au particles in the bright-field, therefore the reaction of 

BspHI-URA3-SH anchored to Au was successful.  

The result of λ DNA-SH-Au in Figure 17 shows that the intensity of λ DNA-NoSH-Au is 

stronger than that of λ DNA-SH-Au (Figure 17B vs. 17A). There are two probabilities; one is 

that the λ DNA-SH was not anchored to Au particles and the other was the quantity of λ 

DNA-SH anchored was too few to be separated from non-specific binding between the 

non-thiol-labeled DNA and Au. According to the result of SmaI digestion of λ DNA-SH-Au, I 

would conclude that only very few of λ DNA-SH was anchored to Au and it is not enough to 

allow the detection of the difference in the reaction of λ DNA-NoSH-Au after stained.  

 

5.2.5 Summary 

The result of thiol-labeled DNA anchored to Au particles was shown at Table 2. 

According to the result of dot blot of thiol-labeled DNA with biotin maleimide, the positive 

signals of BspHI-URA3-SH and λ DNA-SH indicate that they had the thiol labeled at their 

ends. Due to the results of decrease of the supernatant, restriction enzyme digestion and 

fluorescence staining of thiol-labeled DNA with Au, most BspHI-URA3-SH were anchored to 
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Au at both ends and the λ DNA-SH was anchored to Au at both ends but the quantity was 

low. 
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VI. Future Work 
There are two major issues concerning the use of DNA template for nanowire 

manufacture.  

First is how to extent the length of DNA. Because of the 12 bp complementary overhang 

sequences of λ DNA, we can have a longer DNA sequence by using DNA ligase. 

Second is that at equilibrium, a DNA molecule in aqueous solution will usually be 

randomly structured as a result of thermal fluctuations; Entropy will shorten the end to end 

distance, often to a much smaller size than the contour length [Gu et al., 2006]. A DNA 

molecule therefore must be stretched to serve as nanowire template. Optical tweezers and 

magnetic tweezers can be used to stretch and align DNA molecules if there are anchor points 

at the ends of DNA, for example, a metal particle. A single Au particles or magnetic beads 

can be captured by the Optical tweezers or magnetic tweezers. The first beads can be 

immobilized by the optical or magnetic tweezers and the second one at the other end of DNA 

by the micropipette. Movement of the optical or magnetic tweezers allows manipulation and 

stretching of the DNA molecules. 

Unmodified DNA has a low conductivity, limiting its usefulness for electronics [Eley et 

al., 1963; Bockrath et al., 2002]. However, the molecule can be metallized by virtue of its 

electrostatic properties. Methods such as electroless plating procedure can reduce metal ions 

electrostatically and bind them to DNA. 



40 

VII. References 
Alivisatos, P.A., Johnsson, K.P., Peng, X., Wilson, T.E., Loweth, C.J., Bruchez, M.P., and 

Schultz, P.G. (1996). Organization of nanocrystal molecules using DNA. Nature 382, 

609-611. 

Becerril, H.A., Stoltenberg, R.M., Monson, C.F., and Woolley, A.T. (2004). Ionic surface 

masking for low background in single-and double-stranded DNA-templated silver 

and copper nanorods. J. Mater. Chem. 14, 611-616. 

Bennink, M.L., Scharer, O.D., Kanaar, R., Sakata-Sogawa, K., Schins, J.M., Kanger, J.S., de 

Grooth, BG., and Greve, J. (1999). Single-molecule manipulation of double-stranded 

DNA using optical tweezers: Interaction studies of DNA with RecA and YOYO-1. 

Cytometry 36, 200-208. 

Bezryadin, A., Bollinger, A., Hopkins, D., Murphey, M., Remeika, M., and Rogachev, A., 

(2004). Superconducting nanowires templated by single molecules. Dekker 

Encyclopedia of Nanoscience and Nanotechnology. 3761–3773. 

Bockrath, M., Markovic, N., Shepard, A., Tinkham, M., Gurevich, L., Kouwenhoven, L. P., 

Wu, M. W., and Sohn, L. L. (2002). Scanned conductance microscopy of carbon 

nanotubes and λ-DNA. Nano Lett. 2, 187-190. 

Braun, E., Eichen, Y., Sivan, U., and Ben-Yoseph, G. (1998). DNA templated assembly and 

electrode attachment of a conducting silver wire. Nature 391,775-778. 

Cárdenas, M., Barauskas, J., Schillén, K., Jennifer, L., Brust, M., and Nylander, T. (2006). 

Thiol-Specific and Nonspecific Interactions between DNA and Gold Nanoparticles. 

Langmuir. 22, 3294-3299. 

Chaiet, I., and Wofl, F.J. (1964). The properties of streptavidin, a biotin-binding protein 

produced by Streptomycetes. Arch. Biochem. Biophys. 106, 1-5. 

Chiou, C.H., and Lee, G.B. (2005). A micromachined DNA manipulation platform for the 



41 

stretching and rotation of a single DNA molecule. J. Micromech. Microeng. 15, 

109–117. 

Demers, L.M., Mirkin, C.A., Mucic, R.C., Reynolds, R.A., Leitsinger, R.L., and 

Viswanadham, G.A. (2000). Anal. Chem. 72, 5535-5541.  

Drexler, K.E. (1981). Molecular engineering: an approach to the development of general 

capabilities for molecular manipulation. Proc Natl Acad Sci. 78, 5275–5278. 

Duguid, J., Bloomfield, V.A., Benevides, J., and Thomas, G. J. (1993). Raman spectroscopy of 

DNA-metal complexes. I. Interactions and conformational effects of the divalent 

cations: Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu, Pd and Cd. Biophys. J. 65, 1916-1928.  

Eley, D. D., and Leslie, R. B. (1963). Conduction in nucleic acid components. Nature 197, 

898-898. 

Gazit, E. (2007). Use of biomolecular templates for the fabrication of metal nanowires. FEBS 

J. 274, 315-322. 

Griffin, F., Ongaro, A., and Fitzmaurice, D. (2004). DNA-templated assembly of nanoscale 

wires and protein-functionalized nanogap contacts. Analyst 129, 1171-1175. 

Gu, Q., Cheng, C., Gonela, R., Suryanarayanan, S., Anabathula, S., Dai, K., and Haynie, D. T. 

(2006). DNA nanowire fabrication. Nanotechnology 17, 14-25. 

Gu, Q., Cheng, C., and Haynie, D. T. (2005). Cobalt metallization of DNA: toward magnetic 

nanowires. Nanotechnology 16, 1358-1363. 

Gueroui, Z., Place, C., Freyssingeas, E., and Berge, B. (2002). Observation by fluorscence 

microscopy of transcription on single combed DNA. Proc. Natl Acad. Sci. USA. 99, 

6005-6010. 

Hendrickson, W. A., Pahler, A. S., Smith, J. L., Satow, Y., Merritt, E. A., and Phizackerley, R. 

P. (1989). Proc. Natl. Acad. Sci. 86, 2190-2194. 

Hoffman, K., Wood, S.W., Brinton, C.C., Montiberller, J. A., and Finn, F. M. (1980). 

Iminobiotin affinity columns and their application to retrieval of streptavidin. Proc. 



42 

Natl. Acad. Sci. 77, 4666-4668.  

Holmberg, A., Blomstergren, A., Nord, O., Lukacs, M., Lundeberg, J., and Uhlen, M. (2005). 

The biotin-streptavidin interaction can be reversibly broken using water at elevated 

temperatures. Electrophoresis 26, 501-510. 

Huang, H., Zhu, L., and Hopkins, P. B. (1995). Solution structure of a cisplatin-induced DNA 

interstand cross-link. Science 270, 1842-1845.  

Kaji, N., Ueda, M., and Baba, Y. (2002) Molecular stretching of long DNA in agarose gel 

using alternating current electric fields. Biophys. J. 82, 335-334. 

Kouassi, G. K., and Irudayara, J. (2006). Anal. Chem. 78, 3234-3241. 

Kumar, C. S. S. R., Aghasyan, M., Modrow, H., Doomes, E., Henk, C., Hormes, J., and 

Tittsworth, R. (2004). Synthesis and characterization of S-Au interaction in gold 

nanoparticle bound polymeric beads. Journal of Nanoparticles Reserach 6, 369-376. 

Lui, M., and Price, D. H. (1997). in vitro Transcription on DNA Templates Immobilized to 

Streptavidin MagneSphere® Paramagnetic Particles. Promega Notes 64, 21-24. 

Merkoci, A. (2007). Electrochemical biosensing with nanoparticles. FEBS J. 274, 310-316. 

Mertig, M., Ciacchi, L. C., Seidel, R., and Pompe, W. (2002). DNA as a selective 

metallization template. Nano Lett. 2, 841-844. 

Minard-Basquin, C., Kugler, R., Matsuzawa, N. N., Yasuda, A. (2005). IEEE Proc. 

Nanobiotechnol. 152, 797-193. 

Mirkin, C. A., Letsinger, R. L., Mucic, R. C., and Storhoff, J. J. (1996). A DNA-based method 

for rationally assembling nanoparticles into macroscopic materials. Nature 382, 

607-609. 

Monson, C. F. and Woolley, A. T. (2003). DNA-templated construction of copper nanowires. 

Nano Lett. 3, 359-363. 

Moore, G. (1965). Electronics 38, 114-117. 

Namasivayam, V., Larson, R. G., Burke, D. T., and Burns, M. A. (2002). Electrostretching 



43 

DNA molecules using polymer-enhanced media within microfabricated devices. Anal. 

Chem. 74, 3378-3385. 

Niemeyer, C. M., and Priv.-Doz. (2001). Nanoparticles, Proteins, and Nucleic Acids: 

Biotechnology Meets Materials Science. Angewandte Chemie International Edition 

40, 4128-4158. 

Onoa, G. B., Cervantes, G., Moreeno, V., and Prieto, M. J. (1998). Study of the interaction of 

DNA with cisplatin and other Pd(II) and Pt(II) complexs by atomic force microscopy. 

Nucleic acids Res. 26, 1473-1480. 

Otobe, K., and Ohtani, T. (2001). Behavior of DNA fibers stretched by precise meniscus 

motion control. Nucleic acids Res. 29, e109. 

Parak, W. J., Gerion, D., Pellegrino, T., Zanchet, D., Micheel, C., Williams, S. C., Boudreau, 

R., LeGros, M. A., Larabell, C. A., and Alivisatos, A. P. (2003). Biological 

applications of colloidal nanocrystals. Nanotechnology 14, 15-27. 

Patolsky, F., Weizmann, Y., Lioubashevski, O., and Willner, I. (2002). Au-nanoparticle 

nanowires based on DNA and polylysine templates. Angewandte Chemie 

International Edition 41, 2323–2327. 

Sarikaya, M., Tamerler, C., Jen, A. K., Schulten, K., and Baneyx, F. (2003). Molecular 

biomimetics: nanotechnology through biology. Nat Mater 2, 577–585. 

Shacham-Diamand, Y., Inberg, A., Sverdlov, Y., Bogush, V., Croitoru, N., Moscovich, H., 

and Freeman, A. (2003). Electroless processes for micro- and nanoelectronics. 

Electrochim. Acta. 48, 2987–2996.  

Stanca, S.E., Eritja, R., and Fitzmaurice, D. (2006). DNA-templated assembly of nanoscale 

architectures for next generation electronic devices. Faraday Discussions. 131, 

155-165. 

Stolenberg, M. R., and Woolley, A. T. (2004). DNA-templated nanowire fabrication. Biomed 

Microdevices. 6, 105-111. 



44 

Takahara, P. M., Rosenzweig, A. C., and Lippard, S. J. (1995). Crystal structure of a 

double-stranded DNA containing the major adduct of the anticancer drug cisplatin. 

Nature 377, 649-652. 

Taton, T. A. (2003). Bio-nanotechnology: two-way traffic. Nat Mater 2, 73–74. 

Tong, X., and Smith, L. M. (1992). Anal. Chem. 64, 2672-2677. 

Weber, P. C., Ohlendorf, D. H., Wendoloski, J. J., and Salemme, F. R. (1989). Science 243, 

85-88. 

Wilkinson, J. M., (2003). Nanotechnology applications in medicine. Med Device Technol 14, 

29–31.  

Ye, J. Y., Umemura, K., Ishikawa, M., and Kuroda, R. (2000). Atomic force microscopy of 

DNA molecules stretched by spin-coating technique. Anal. Biochem. 281, 21-25. 

Yokota, H., Jonson, F., Lu, H., Robinson, R. M., Belu, A. M., Garrison, M. D., Ratner, B. D., 

Trask, B. J., and Miller, D. L. (1997). A new method for straightening DNA 

molecules for optical restriction mapping. Nucleic Acids Res. 25, 1064-1070. 

Electronic News. (2006). IBM Develops 29.9nm Circuit. 



45 

Table1. Result of biotin-labeled DNA anchored to streptavidin coated magnetic beads   

Klenow fill-in Incubated with SA  

 

  

BaeI 
digestion 

Dot Blot 
Decrease of the 

supernatant 
Dot Blot 

Restriction enzyme 
digestion 

Fluorescence 
staining  

BspHI-URA3 (BioA)  + + + + a +  

λ DNA (BioA) + + + * + – –  

λ DNA (BioC) + + + + + a +  

        

+. Positive result        

–. Negative result        
*. The reduced quantity was little       
a. Most of that were anchored to the beads at both ends      
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Table 2. Result of thiol-labeled DNA anchored to Au particles  

Thiol-labeled Incubated with Au particles 
  

Dot Blot 
Decrease of the 

supernatant 
Restriction enzyme 

digestion 
Fluorescence 

staining 

BspHI-URA3 + – + b + 

λ DNA + – + c – 

     

+. Positive result    

–. Negative result    
b. Some of that were anchored to Au at both ends   
c. Most of that were anchored to Au at both ends   
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Biotin labeled DNA with magnetic beads
Thiol labeled DNA with Au particles

Klenow fill in with biotin labeled 
nucleotide

Ethanol precipitation twice

BaeI digestion (λ DNA only)

Dot blot

Incubate with magnetic beads

After wash

3’ end thiol labeling
Dot blot  (biotin 
maleimide added)

Incubate with Au in Ethanol

DNA electrophoresis
(before and after 

incubation)

YOYO-1 
staining

Dot blot (mixture)
DNA electrophoresis

(before and after incubation)

No wash

Restriction enzyme digestion
1. HincII for URA3
2. SmaI for λDNA

BspHI digested URA3 & λDNA

After wash

No wash

YOYO-1 
staining

Restriction enzyme digestion
1. HincII for URA3
2. SmaI for λDNA

Figure 1. Strategy and the flow chart of the experiments in this study.
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5’
GTAC GTAC

CATG

B
STV

Magnetic Beads

BspHI digested URA3 fragments (1 and 3.3 kb)

Fill in by using Klenow

CATG

5’

Figure 2. Strategy of the 5’ end overhang DNA filled in by Klenow. (A) The BspHI digested URA3 were filled in with 1 
biotin-dATP in each 3’ end. (B) λ DNA were filled in with 1 biotin-dATP in each 3’end. (C) λ DNA were filled in with 4 
and 6 biotin-dCTP in each 3’ end.

5’ GGG CGG CGA CCT
CCC GCC GCT GGA CCC GCC GCT GGA 5’

GGG CGG CGA CCTλ DNA

5’ GGG CGG CGA CCT
CCC GCC GCT GGA CCC GCC GCT GGA 5’

GGG CGG CGA CCT

BBB   BB   B 

λ DNA

B        B      B B

B

B

(A)

(B)

(C)

B

~1 μm
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CCCGCCGCTGGA

GGGCGGCGACCT

λ DNA

Au

S

Au

S 3’

Au
S

Au

S
3’

3’

CA
TG

GTA
C

3’

(A)

(B)

Figure 3. Strategy of 3’ end  thiol-labeled DNA incubated with Au particles. (A)  BspHI digested URA3 labeled with thiol
at each 3’ end and incubated with Au. (B) λ DNA labeled with thiol at each 3’ end and incubated with Au. Au: gold particles; 
S: linkage of gold particles and thiol.

BspHI digested URA3 fragment (1 and 3.3 kb)

< 5 μm



50 

 

4 kb
3 kb

2.5 kb 
2 kb

1.5 kb

1 kb

M    1     2

Figure 4. Restriction enzyme digestion of pGEM-URA3. (A) Map of pGEM-
URA3.  (B) Lane 1 was BspHI digested pGEM-URA3,  Lane 2 was untreated 
pGEM-URA3 plasmid. A: 3.3 kb fragment, B: 1.0 kb fragment, C: untreated 
pGEM-URA3.

(A)

(B)

A

B

C

pGEM-URA3
4350 bp

URA3

Amp

Bsp HI (1173)

Bsp HI (2181)

A

B

C
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M    1    2    3    4    5    6    7   8    9   10   11
(B)

Figure 5. BaeI digestion of λ DNA filled in with biotin-labeled nucleotides. (A) 
The strategy of  BaeI digestion. (B) The result of BaeI digestion. Lanes 1-3 were the 
λ DNA filled in with biotin-labeled dATP that incubated for 15, 30, 60 minutes. 
Lanes 4-6 were λ DNA filled in with biotin-labeled dCTP that incubated for 15, 30, 
60 minutes. Lanes 7-9 were the λ DNA filled in with dNTPs that incubated for 15, 
30, 60 minutes. Lane 10 was the λ DNA  without filled in. Lane 11 was the 
untreated λ DNA. D: 801 bp DNA fragment. 

1000 bp
750 bp

500 bp

250 bp

D

694 bp

117 bpBaeI

BaeI

(A)

No fill-in Fill-in

λ DNA

BaeI

BaeI

801 bp
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DNA amount
100       10       1 ng

BioA-BspHI-URA3

dNTP-BspHI-URA3

BioA

Control DNA

(A)

1        0.1    0.01 ng

DNA amount
100      10      1 ng

1        0.1    0.01 ng

Incubation Time (mins)  
15        30       60

BioA-λ DNA

BioC-λ DNA

dNTP-λ DNA

BioA

BioC

(B)

Incubation Time (mins)  
15        30       60



53 

Figure 6. Dot blot of biotin labeled DNA incubated with streptavidin peroxidase
polymer. (A) Dot blot of URA3 fill-in with biotin-labeled dATP and incubated with 
streptavidin peroxidase for 15 minutes. BioA-BspHI-URA3: BspHI digested URA3 
fill-in with biotin dATP, dNTP-BspHI-URA3: BspHI digested URA3 fill-in with non 
biotin-labeled dNTPs, BioA: biotin dATP without DNA, Control DNA: HindIII
digested λ DNA fill-in with biotin. (B) Dot blot of λ DNA fill-in with either biotin-
labeled dATP or dCTP and incubated with streptavidin peroxidase for 15, 30, 60 
minutes. BioA-λDNA: λ DNA fill-in with biotin dATP, BioC- λDNA: λ DNA 
fill-in with biotin dCTP, dNTP- λDNA: λ DNA fill-in with non biotin-labeled 
dNTPs, BioA: biotin dATP without DNA, BioC: biotin dCTP without DNA.
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M    1    2    3    4

M    1    2    3    4    5    6 

(A)

(B)

Figure 7. Supernatant of  the biotin-labeled DNA incubated with streptavidin coated 
magnetic beads (SA). (A) Supernatant of biotin dATP labeled BspH-URA3 incubated 
with SA. Lane 1 and 2 were BspHI digested URA3 fill-in with biotin dATP and incubated 
with SA or ddH2O, respectively. Lane 3 and 4 were BspHI digested URA3 fill-in with non 
biotin labeled dNTPs and  incubated with SA or ddH2O, respectively. (B) Supernatant of 
biotin dATP or dCTP labeled λ DNA incubated with SA. Lane 1 and 2 were λ DNA fill-
in with biotin dATP and  incubated with SA or ddH2O, respectively. Lane 3 and 4 were λ
DNA fill-in with biotin dCTP and  incubated with SA or ddH2O, respectively. Lane 5 and 6 
were λ DNA fill-in with non biotin-labeled dNTPs and  incubated with SA or ddH2O, 
respectively. E and F: 3.3 and 1 kb fragments of URA3. H: 48 kb fragment of λDNA. G 
and I: internal controls.

4 kb
3 kb

2.5 kb 
2 kb

1.5 kb

1 kb

10 kb

2 kb
1.5 kb

G

I
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Wash Times   
1        2        3        4

BioA-BspHI-URA3-SA

BioA-BspHI-URA3-H2O

dNTP-URA3-BspHI-SA

H2O-SA

Control DNA
1        0.1      0.01     0.001ng

(A)

Wash Times   
1      2      3      4

1       0.1       0.01    0.001 ng

Wash Times   
1        2        3        4

BioA-λ DNA-SA

BioA-λ DNA-H2O

BioC-λ DNA-SA

BioC-λ DNA-H2O

dNTP-λ DNA-SA

H2O-SA

Control DNA

1          0.1      0.01 0.001 ng

(B)

Wash Times   
1       2       3       4

1        0.1      0.01 0.001 ng
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Figure 8. Dot blot of biotin-labeled DNA incubated with SA after several washes.
(A) Dot blot of BspHI digested URA3 fill-in with biotin dATP and incubated with 
SA after several washes.  BioA-BspHI-URA3-SA: BspHI digested URA3 fill-in with 
biotin dATP and incubated with SA, BioA-BspHI-URA3-H2O: BspHI digested 
URA3 fill-in with biotin dATP and incubated with ddH2O, dNTP-BspHI-URA3-SA: 
BspHI digested URA3 fill-in with non biotin-labeled dNTPs and incubated with SA, 
H2O-SA: ddH2O incubated with SA, Control DNA: HindIII digested λ DNA 
labeled with biotin nucleotides. (B) Dot blot of λ DNA fill-in with either  biotin 
dATP or dCTP and incubated with SA after several washes. BioA-λ DNA-SA: λ
DNA fill-in with biotin dATP and incubated with SA, BioA-λ DNA-H2O: λ DNA 
fill-in with biotin dATP and incubated with ddH2O, BioC-λ DNA-SA: λ DNA fill-
in with biotin dCTP and incubated with SA, BioC-λ DNA-H2O: λ DNA fill-in 
with biotin dCTP and incubated with ddH2O, dNTP-λ DNA-SA: λ DNA fill-in 
with non biotin-labeled dNTPs and incubated with SA, H2O-SA: ddH2O incubated 
with SA, Control DNA: HindIII digested λ DNA fill-in with biotin labeled 
nucleotides.
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M   1    2   3   4

(B)

Figure 9. Restriction enzyme HincII digestion of BioA-BspHI-URA3-SA after 
washed 4 times. (A) Strategy of HincII digestion of URA3. (B) Lane 1 and 2 were 
BspHI digested URA3 fill-in with biotin dATP and incubated with SA or ddH2O, 
respectively. Lane 3 and 4 were BspHI digested URA3 fill-in with non biotin-labeled 
dNTPs and incubated with SA or ddH2O, respectively. Lanes 1-4 were digested by 
HincII. K: 1.1~1.2 kb fragment (K1+K2), J: 960 bp fragment.

(A)

1144 bp 960 bp 1237 bp

1.5 kb

1 kb

HincII HincII

1008 bp

K

J

K1 J                K2
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M   1   2   3

(A)

(B)

Figure 10. Restriction enzyme SmaI digestion of BioA-λ DNA-SA and BioC-λ
DNA-SA after washed 4 times. (A) Strategy of SmaI digestion of λ DNA. (B) Lane 1 
was untreated λ DNA digested by SmaI. (C) Lane 1 was λ DNA fill-in with biotin 
dATP and incubated with SA, Lane 2 was λ DNA fill-in with biotin dCTP and 
incubated with SA, Lane 3 was λ DNA fill-in with non biotin-labeled dNTPs and 
incubated with SA. Lanes 1-3 were digested by SmaI. L: 19 kb fragment, M: 8 kb 
fragment, N: 12 kb fragment.

8271 bp12220 bp19400 bp 8611 bp

λ DNA
48502 bp

SmaI (19400 bp) SmaI (31620 bp) SmaI (39891 bp)

10 kb
8 kb

(C)

M   1

10 kb
8 kb

L
N

M

L                       N                M1 M2
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(A) 

(B) 

(C) 

Figure 11. Fluorescence staining of biotin labeled BspHI-digested URA3 incubated 
with SA. (A) BspHI digested URA3 fill-in with biotin dATP and incubated with SA. (B) 
BspHI digested URA3 fill-in with non biotin-labeled dNTPs and incubated with SA. (C) 
ddH2O incubated with SA. (A), (B) and (C) were stained by YOYO-1. 
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(A) 

(B) 

(C) 
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(D) 

Figure 12. Fluorescence staining of biotin-labeled λ DNA incubated with SA. 
(A) λ DNA fill-in with biotin dATP and incubated with SA. (B) λ DNA fill-in 
with biotin dCTP and incubated with SA. (C) λ DNA fill-in with non 
biotin-labeled dNTPs and incubated with SA. (D) ddH2O incubated with SA. (A), 
(B), (C) and (D) were stained by YOYO-1. 
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BspHI-URA3-SH-biotin maleimide

Biotin maleimide

λ DNA – SH-biotin maleimdie

Biotin maleimide

Control DNA (1ng)

phenol
extraction  times

1       2       3

(A)

(B)

Figure 13. Dot Blot of thiol-labeled DNA incubated with biotin maleimide. (A) 
BspHI-URA3-SH-biotin maleimide: BspHI digested URA3 with thiol-labeled and 
incubated with biotin maleimide, Biotin maleimide: BspHI digested URA3 without 
thiol labeled and incubated with biotin maleimide. (B) λ DNA –SH-biotin 
maleimide: λ DNA with thiol-labeled and incubated with biotin maleimide, Biotin 
maleimide: λ DNA without thiol-labeled and incubated with biotin maleimdie, 
Control DNA: 1 ng of HindIII digested λ DNA fill-in with biotin labeled nucleotides.

phenol
extraction  times

1       2       3

phenol
extraction  times

1       2       3

phenol
extraction  times

1       2       3
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M    1   2   3   4

(A)

4 kb
3 kb

2.5 kb
2 kb

1.5kb
1kb

O

Q
P

M    1   2   3   4

(B)

10 kb

1.5kb

1kb
S

R

Figure 14. Thiol-labeled DNA incubated with Au particles. (A) Lane 1 was BspHI
digested URA3 with thiol-labeled and  incubated in ethanol with Au, Lane 2 was 
BspHI digested URA3 with thiol-labeled and incubated in ethanol without Au, Lane 3 
was BspHI digested URA3 without thiol-labeled and  incubated in ethanol with Au, 
Lane 4 was BspHI digested URA3 without thiol-labeled and incubated in ethanol 
without Au. (B) Lane 1 was λ DNA with thiol-labeled and incubated in ethanol with 
Au, Lane 2 was λ DNA with thiol-labeled incubated in ethanol without Au, Lane 3 
was λ DNA without thiol-labeled and incubated in ethanol with Au, Lane 4 was λ
DNA without thiol-labeled and incubated in ethanol without Au. O and P: 3.3 and 1 kb 
fragments of BspHI-URA3, R: 48 kb fragment of λDNA, Q and S: internal controls.
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M   1   2   3   4

1500 bp
1000 bp

750 bp

U

T

(B)

M   1   2   3   4

10 kb
8 kb

V

W

Figure 15. Restriction enzyme digestion of thiol-labeled DNA incubated with Au 
after washed 4 times. (A) HincII digestion of thiol-labeled BspHI-URA3 incubated 
with Au after washed 4 times. Lane 1 was BspHI digested URA3 with thiol-labeled and 
incubated in ethanol with Au, lane 2 was BspHI digested URA3 with thiol-labeled and 
incubated in ethanol without Au, lane 3 was BspHI digested URA3 without thiol-
labeled and incubated in ethanol with Au, lane 4 was BspHI digested URA3 without 
thiol-labeled and incubated in ethanol without Au. Lane 1-4 were digested by HincII. 
(B) SmaI digestion of thiol-labeled λ DNA incubated with Au after washed 4 times. 
Lane 1 was λ DNA with thiol-labeled and incubated in ethanol with Au, Lane 2 was 
λ DNA with thiol-labeled and incubated in ethanol without Au, Lane 3 was λ DNA 
without thiol-labeled and incubated in ethanol with Au, Lane 4 was λ DNA without 
thiol-labeled and incubated in ethanol without Au. Lanes 1-4 were digested by SmaI. T: 
960 bp fragment, U: 1.1~1.2 kb fragment, V: 12 kb fragment, W: 8 kb fragment.
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(D) 

Figure 16. Fluorescence staining of thiol-labeled BspHI digested URA3 incubated 
with Au. (A) BspHI digested URA3 with thiol-labeled and incubated in ethanol with 
Au. (B) BspHI digested URA3 without thiol-labeled and incubated in ethanol with Au. 
(C) BspHI digested URA3 with thiol-labeled and incubated in ethanol without Au. (D) 
BspHI digested URA3 without thiol-labeled and incubated in ethanol without Au. 
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(D) 

Figure 17. Fluorescence staining of thiol-labeled λ DNA incubated with Au. (A) 
λ DNA with thiol-labeled and incubated in ethanol with Au. (B) λ DNA without 
thiol-labeled and incubated in ethanol with Au. (C) λ DNA with thiol-labeled and 
incubated in ethanol without Au. (D) λ DNA without thiol-labeled and incubated in 
ethanol without Au. 
 

 


