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ABSTRACT. DNA origami nanostructures have been used extensively as scaffolds for 

numerous applications such as for organizing both organic and inorganic nanomaterials, studying 

single molecule reactions and fabricating photonic devices. Yet, little has been done towards the 

integration of DNA origami nanostructures into nanoelectronic devices. Among other challenges, 
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the technical difficulties in producing well-defined electrical contacts between macroscopic 

electrodes and individual DNA origami-based nanodevices represents a serious bottleneck that 

hinders the thorough characterization of such devices. Therefore, in this work, we have 

developed a method to electrically contact individual DNA origami-based metallic nanowires 

using electron beam lithography. We then characterize the charge transport of such nanowires in 

the temperature range from room temperature down to 4.2 K. The room temperature charge 

transport measurements exhibit ohmic behavior, whereas at lower temperatures, multiple charge 

transport mechanisms such as tunneling and thermally assisted transport start to dominate. Our 

results confirm that charge transport along metallized DNA origami nanostructures may deviate 

from pure metallic behavior due to several factors including partial metallization, seed 

inhomogeneities, impurities, and weak electronic coupling among AuNPs.  Besides, this study 

further elucidates the importance of variable temperature measurements for determining the 

dominant charge transport mechanisms for conductive nanostructures made by self-assembly 

approaches.   

INTRODUCTION  

One-dimensional (1D) nanostructures, such as nanotubes, nanorods and nanowires have 

received broad interest due to the unique properties associated with their nanoscale dimensions 

and their potential for integration with semiconductor devices.1,2 Particularly, metallic nanowires 

have attracted a great deal of attention as they can be used as interconnects in fabricating 

nanoelectronic devices3 and for chemical and biological sensing applications,4 mainly due to 

their high surface-to-volume ratio and their fundamental electronic and optoelectronic properties 

as a result of quantum confinement effects.5 In the past, various routes for the fabrication of 1D 

nanostructures have been demonstrated.6,7 Among other methods, molecular self-assembly7 has 
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 3

shown great promise for the synthesis of both organic and inorganic nanostructures. Particularly, 

DNA-based self-assembly8 is currently considered a powerful and versatile method for 

constructing nanostructures with varying degrees of complexity. For instance, the DNA origami 

technique9 introduced by Rothemund in 2006 has proven its capabilities as a reliable method for 

synthesizing well-defined organic nanostructures by folding a long single-stranded DNA scaffold 

with the help of short synthetic staple strands. By this method, quasi 1D DNA nanostructures 

have been demonstrated10, and these DNA origami nanostructures have been further used as 

scaffolds for the precise positioning of metallic nanoparticles11–17 with few nanometer resolution 

and for the fabrication of linear and branched metallic nanowires.18–21  With the development of 

the DNA origami technique9 the fabrication of complex DNA-based metallic nanostructures 

became possible since it allows for the synthesis of DNA origami templates of arbitrary 

shape,9,22–25 as well as a selective metallization by decoration of selected regions of the DNA 

origami surface with DNA-modified nanoparticle seeds via hybridization to protruding staple 

strands.19,21 Hence, metallization of various DNA origami shapes has been demonstrated.18–21,26–

28 

 

Although the metallization of DNA origami has been extensively studied, there are only few 

reports so far that show electrical measurements of the charge transport through the metallized 

DNA origami nanostructures.19,21 In part, this is due to the technical difficulties in producing 

well-defined electrical contacts between macroscopic electrodes and individual DNA origami-

based nanowires. Previously, electrical contacting was achieved by random deposition of the 

metallized DNA origami from solution onto arrays of  inter digital electrode arrays with small 

gaps. The smaller the gap between the electrodes, the higher the probability that a metallized 
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 4

DNA origami nanostructure bridges the gap while having electrical contact to both electrodes. 

Hence, achieving selective electrical contacts and  investigating the effect of the morphologies of 

the contacted nanostructures are challenging in such settings.  

 

 

Figure 1. Schematic representation of the experimental approach for the synthesis, electrical 

contacting, and characterization of single DNA origami-templated metallic nanowires. 

 

Therefore, in this work, we demonstrate the precise electrical contacting of individual 

metallized DNA origami nanowires and characterize their charge transport behavior at different 

bias voltages and temperatures. The schematic representation in figure 1 summarizes our 

experimental strategy. We first decorate DNA origami nanotubes with 14 AuNPs along the 

nanotube axis. Then, commercially available gold plating solution is applied to selectively grow 

the gold nanoparticles until they fuse with each other and create eventually continuous 

nanowires. Finally, we develop a method to electrically contact individual nanowires and 

characterize their charge transport behavior by I-V measurements at different temperatures. 
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 5

Unlike the room temperature measurements which exhibit only ohmic behavior and agree with 

previously reported measurements,19,21 the variable temperature measurements demonstrate the 

involvement of multiple charge transport mechanisms.  

EXPERIMENTAL   

The six-helix bundle DNA origami nanotube originally designed by Bui et al10 was adopted as 

metallization template in this work. As previously reported,29 the DNA origami assembly was 

performed by mixing the M13mp18 viral DNA scaffold (New England Biolabs) with the 170 

staple strands (Metabion) in a 1:30 molar ratio in TAE buffer containing 20 mM Mg2+ (Sigma-

Aldrich) in a total volume of 100 µL. For the attachment of AuNPs, 28 staple strands (Metabion) 

out of 170 total strands were modified on their 5' end with a protruding 5‘-(AAT)8T4-3‘ 

sequence, and citrate-stabilized 5 nm AuNPs (BBI) were coated with a complementary sequence  

5‘-(ATT)3T4-3‘ as described previously.11   

 

AuNP assembly on DNA origami nanotubes was performed at room temperature on 500 nm 

SiO2 thermally grown on Si substrates. First, the SiO2 substrate was cleaned in an oxygen plasma 

for 3 min and rinsed with ethanol and water. After drying the substrate in a stream of N2, DNA 

origami solution (concentration   ̴ 1 nM) was deposited on the surface and incubated for 1 h in 

10xTAE/200 mM Mg2+ in a humidity chamber. After incubation, the substrate was dipped in a 

1:1 mixture of ethanol and Milli-Q water for 30 seconds to remove residual salt from the surface 

and dehydrate the DNA origami. After drying in a N2 stream, hybridization of AuNPs with the 

immobilized DNA origami nanotubes was performed by depositing the DNA-coated AuNPs 

solution (concentration 50 nM) on the substrate surface and incubating further for 10 min at 

room temperature in 1 × TAE buffer containing 50 mM MgCl2 as previously reported.11 The 
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 6

excess DNA-coated AuNPs and the residual salt were then removed by dipping the substrate first 

in Milli-Q water for 10 seconds and then in a 1:1 mixture of ethanol and Milli-Q water for 30 

seconds. The concentration of the DNA-coated AuNPs solution was estimated by UV/vis 

spectroscopy from the optical absorbance at 520 nm. Imaging and characterization of AuNP 

modified DNA origami was performed by tapping mode atomic force microscopy (AFM) in air 

using a Bruker MultiMode 8 scanning probe microscope and PPP-NCLR cantilevers from 

Nanosensors (nominal force constant 48 N m–1, tip radius <10 nm). 

 

For the metallization of AuNP modified DNA origami nanotubes, commercially available Au 

plating solution (GoldEnhance EM, Nanoprobes) was used. First, a 1:1 mixture of Au plating 

solution and 1x TAE buffer containing 10 mM Mg2+ was prepared. Then, the final solution was 

dropped immediately on the AuNP modified DNA origami surface and incubated for 10-20 min. 

The substrate was then dipped in Milli-Q water for 10 s and dried in a N2 stream. Metallized 

DNA origami nanotubes were imaged by AFM and scanning electron microscopy (SEM). All the 

topographic AFM were analyzed using Gwyddion open source software.30  

 

After the metallization process, the electrodes and the connection pads were fabricated using 

electron beam lithography (Raith eLINE Plus). First, ZEP (commercially available e-beam resist 

- Zeon) electron beam resist was spin coated on top of the substrate and baked at 150°C for 10 

minutes. Then, the resist was exposed to an electron beam at 10 kV acceleration voltage. After 

electron exposure, the resist was developed by immersing the substrate first in N-amyl acetate 

for 90 seconds and then in isopropanol (IPA) for 30 seconds.  A buffer layer of 5 nm Ti was then 

deposited on the sample by electron beam evaporation at a rate of 1 Å/s, followed by 50 nm Au 
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 7

at a rate of 2.2 Å/s (working pressure  ̴ 10-9 mbar). After Au deposition, lift-off of resist was 

performed by submerging the substrate in acetone for 10 minutes and subsequent washing with 

IPA followed by drying in a stream of N2. 

 

All electrical measurements were carried out in vacuum (~ 10-5 mbar) in the dark using a 

Keithley 2400 source meter. For temperature dependent electrical characterization, a helium gas-

flow cryostat system was used. To observe the effect of temperature on charge transport, samples 

were first cooled down to 4.2 K, and measurements were obtained when the samples were 

subsequently heated up to room temperature. All current measurements were obtained by 

sweeping the voltage range from -1V to +1V. 

RESULTS AND DISCUSSION 

For this work, quasi 1D DNA origami nanotubes with a nominal length of 412 nm and a 

nominal diameter of 6 nm were used. As previously reported,11 the DNA origami nanotube was 

first modified to create 14 binding sites that can be used for the attachment of 14 AuNPs along 

the nanotube axis. Each binding site has two sticky ends protruding from two neighboring 

helices, and in total 28 staple strands were elongated by adding a capturing sequence on their 5' 

end (Figure 1). Figure 2a shows an AFM image with corresponding line scan (Figure 2a, inset) 

of the adsorbed and dried DNA origami nanotubes. The mean height of the nanotubes (Figure 2a, 

inset) is reduced by almost 3.5 nm due to dehydration and interaction with the surface.   

Page 7 of 21

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8

 

Figure 2.  AFM height images with corresponding line scans (inset) for bare DNA origami 

nanotubes (a), AuNP-modified (b) and metallized (C) DNA origami nanotubes. All the 

topographic AFM images have 15 nm height scale. Insets have scale bars of 100 nm length. 

 

For AuNPs attachment, we used our previously optimized protocol11 to achieve a high 

nanoparticle assembly yield with few unbound background particles. Figure 2b shows an AFM 

image of AuNP-decorated DNA origami. An attachment yield > 96% was obtained, providing a 

high and uniform seed density which is essential for further metallization.  

 

In order to optimize the metallization of the DNA origami nanotubes, various incubation times 

have been tested (see electronic supporting information). Figure 2c shows an AFM image of the 

metallized DNA origami nanotubes after 20 minutes of incubation time. The inset in figure 2c 

confirms that the 5 nm AuNP have grown to ~ 30 nm diameter. For better visualization, the 

sample was further characterized by SEM (Figure 3). The metallized DNA origami 

nanostructures are well-defined and appear continuous. 
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 9

 

Figure 3. SEM image of metallized DNA origami nanotubes. The zoomed image shows the 

well-defined structure of the nanowires. 

In order to electrically contact individual nanowires, we have developed an optimized method 

using electron beam lithography. First, parallel arrays of gold alignment marks (gap ~ 25 µm) 

were patterned using standard procedure on top of the SiO2 substrate with pre-deposited DNA 

origami. Then, several SEM images were taken to determine a suitable nanowire density, 

corresponding to approximately one nanowire per 1 µm2, and to register the x-y coordinates of 

the selected nanowires with respect to the alignment marks. After that, e-beam resist was 

deposited for defining contacts to selected nanowires. The registered location of the nanowires 

were then used to obtain the correct e-beam exposure position. In this way, electrical contacts to 

the individual nanowires were fabricated with high accuracy (Figure 4). Interestingly, the 

metallized DNA origami nanostructures strongly adhere to the substrate and sustain their shape 

during the lithography process. For the transport measurements, we contacted two nanowires 

with different morphologies. The first nanowire (NW-1, Figure 4a) consists of closely packed 

AuNPs, and due to random nanoparticle aggregation, the width of the nanowire seems greater 

than the actual single nanowire (between 30 and 75 nm). The second nanowire (NW-2, Figure 
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 10

4b), on the other hand, features only the AuNPs attached to the single DNA origami nanotube 

and thus has a smaller effective width around 30 nm.  The zoomed image in Figure 4b shows, 

however, that there may be small gaps (~ 1 to 3 nm) between neighboring AuNPs. A closer 

inspection of the grown AuNPs in the zoom shown in figure 4b reveals that some of the AuNPs 

preferentially grown in a lateral direction, leaving very small gaps between neighboring AuNPs. 

Although it is unclear at the moment why the AuNPs show this lateral growth, we speculate that 

it results from hindered diffusion of gold ions in the narrow gaps between the particles i.e. the 

ions' diffusion is becoming less and less efficient with increasing particle size. Note that under 

our experimental conditions, both increasing the Au plating time and repeating the plating 

process did not solve this issue but only led to stronger particle aggregation and larger nanowire 

widths.  

 

Figure 4. SEM images after electrical contacting of nanowire-1 (NW-1) (a) and nanowire-2 

(NW-2) (b). The zoom images show the morphologies of both nanowires. 
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 11

Two-terminal current-voltage measurements were performed on both nanowires in the 

temperature range between room temperature and 4.2 K and in the voltage range between – 1 V 

and + 1 V at ~ 10-5 mbar in the dark. The I-V curves in the insets of Figure 5a,b reveal that the 

two metallized nanowires exhibit ohmic behavior at room temperature with the measured current 

of NW-1 (Figure  5a, inset) being about 30 times larger than for NW-2 (Figure 5b, inset).  This 

observation is consistent with the different morphologies of the nanowires as observed in Figure 

4a,b and agrees with previously reported measurements19,21 on metallized DNA origami 

nanostructures performed at room temperature. However, the measured resistance values of NW-

1 (~ 116 MΩ) and NW-2 (~ 2.8 GΩ ) are much higher than previously reported values of 

comparable nanowires (~ KΩ).19 In addition, the variable-temperature measurements (4.2 K to 

300 K) performed on both nanowires show that the electrical conductance of the nanowires 

decreases with temperature (Figure 5), contradicting purely metallic behavior.  
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 12

Figure 5. Temperature-dependent I-V characteristics for NW-1 (a) and NW-2 (b) over the 

temperature range from 4K to 300K. Insets are room-temperature I-V curves. All transport 

measurements were carried out under high vacuum in the dark. 

 

To rationalize the electrical conductance of the nanowires, we consider several possible 

conduction mechanisms. Since the charge transport measurements show a decrease of 

conductance as a function of temperature, we first discuss temperature-dependent models such as 

hopping and thermionic emission conduction. In the hopping conduction model,31–33 thermally 

activated electrons escape from one trap to another due to thermal fluctuations, and the 

conductance can be expressed in terms of temperature using,  

G	~	exp	(− 	

��
),      (1) 

where G is the conductance,  Ea the activation energy, k Boltzmann's constant and T the 

temperature. By plotting the natural logarithm of the conductance as a function of inverse 

temperature (ln(G) vs 1/T), we determine the thermally activated transport regime. Figure 6a 

displays the plot ln(G/G(300K) vs. 1/T for NW-1 and NW-2 at 1V positive bias voltage over the 

temperature range from 4.2 K to 300 K. Both nanowires show that at low temperatures, the 

conductance exhibits no significant temperature dependence, whereas at intermediate and high 

temperatures, thermally activated transport is observed. The respective activation energy32 of 

each nanowire can be extracted from the slope of ln(G/G(300K) vs 1/T in figure 6b, which yields 

24.1 meV for NW-1 and 72.5 meV for NW-2. The difference between the activation energy 

values of the two nanowires stems from their different morphologies and sizes. As seen in figure 

4, NW-1 shows a much denser agglomeration of particles than NW-2. As a consequence, the 
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nanoparticles in NW-1 are forming a nanowire which has approximately twice the width of NW-

2. This explains the lower energy of this wire compared to the thinner wire: The number of 

interconnects is increased by more than a factor of 2, and thus the transport energy is decreased 

by a similar factor. However, this linear fit holds only in the high temperature region from 100 K 

to 300 K for NW-1 and from 200 K to 300 K for NW-2, suggesting that hopping conduction 

dominates at higher temperatures.32 We have also observed similar fits for different bias voltages 

which in turn supports the hopping conduction model. Hopping has been previously observed in 

metal contacts to self-assembled molecular monolayers with rather similar activation energies34. 

In such junctions, it could be shown that the activation energy depends on the nature and the 

surface morphology of the contacting metal35. Hence, the granularity of the metal leads to 

Coulomb blockade at low temperatures. In the DNA origami-based nanowires characterized in 

this work, however, the grain sizes are larger than in evaporated films; therefore Coulomb 

blockade effects are not observed. Besides, previous studies36 on the conductivity along partially 

metallized λ-DNA also concluded that the transport at high temperature is dominated by hopping 

conduction. It is, however, presently unclear whether the thermally activated electrons hop along 

residual non-metallized DNA structures between grown AuNPs or through impurities.  
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Figure 6. (a) Normalized natural logarithm of the conductance vs 1/T for NW-1 and NW-2 and 

(b) the respective linear fits to the data for certain temperature ranges. (c) Plots of ln (I/T2) vs 

1/T for NW-1 and NW-2 and (d) the respective linear fits to the data points for certain 

temperature ranges. The fits in (b) and (d) reveal that thermally assisted transport is dominating 

in NW-1 at lower temperature than in NW-2.The voltage bias is 1V. 
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Similarly, the thermionic emission model in which electrons are thermally excited over the 

barrier instead of tunneling directly through the potential barrier is also examined. The 

temperature dependence of the current is given by,37         

I~T�	exp	(ɸ�����/����
��

)      (2) 

where, I is the current,  T the temperature, ɸ the barrier height, V the bias, ε the dielectric 

constant, k Boltzmann’s constant, d the barrier width, and q	the electron charge. Figure 6c shows 

the plot of ln(I/T2) vs 1/T for 1 V bias voltage for NW-1 and NW-2 over the temperature range 

from 4.2 K to 300 K. The linear fits in figure 6d demonstrate that similar to hopping conduction 

at high temperatures, thermionic emission is observed at lower temperatures between 25 K and 

100 K for NW-1 and between 50 K and 200 K for NW-2. However, no thermally assisted 

transport is observed < 25 K for NW-1 and < 50 K for NW-2 (Figure 6a). Since the measured 

conductance at low temperature regimes is independent of temperature and follows a linear 

voltage dependence, the conduction mechanism can  essentially be characterized by direct 

tunneling.38 Although, direct tunneling is an important mechanism of transport in the self-

assembled nanowires, it is difficult to extract the necessary parameters such as the barrier height 

from the tunneling current. It requires accurate measurements of the gap between the 

nanoparticles, which is not well-controlled under our experimental condition. Therefore, we 

conclude that different transport mechanisms are contributing to the overall transport in different 

temperature ranges. At low temperatures, the transport is dominated mainly by tunneling through 

the barrier, and as temperature increases the barrier decreases slightly, allowing more electrons 

to be excited over the barrier through a thermionic process. At high temperatures, hopping 

conduction governs the transport.  
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Figure 7. The natural logarithm of the normalized conductance vs 1/T for NW-1 (a) and NW-2 

(b) for different biases. 

 

We have also investigated the bias voltage dependence of the transport. Figure 7 depicts the 

conductance as a function of temperature for NW-1 (Figure 7a) and NW-2 (Figure 7b) at 

different forward bias voltages. In NW-2 (Figure 7b), no significant temperature dependence of 

the conductance is observed at low bias voltages (< 0.1 V), whereas in NW-1 (Figure 7a), 

thermally activated transport is found even at low bias voltages. We attribute this to the fact that 

the measured current at low bias voltage in NW-2 was too noisy to extract temperature 

dependent transport properly.  Besides, at low bias voltage (0.1 V), a lower temperature 

dependency is observed in NW-2 compared to NW-1 (Figure 7), and as the voltage further 

increases (0.5 V), the effect of electric field becomes insignificant for NW-1. These observations 
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can again be explained by the different morphologies of the nanowires with NW-1 providing 

more paths than NW-2 for electrons to flow to the electrodes. Apart from this, the measured data 

exhibit no Fowler-Nordheim tunneling transport behavior. Therefore, we argue that the variable-

temperature measurements not only elucidate the fact that the two nanowires reflect similar 

transport mechanisms despite their structural differences but also confirm that charge transport 

along metallized DNA origami nanostructures may deviate from pure metallic behavior due to 

several factors including partial metallization, seed inhomogeneities, impurities, and weak 

electronic coupling among AuNPs. 

CONCLUSIONS  

In summary, we have fabricated DNA origami-templated nanowires by metallization of DNA 

origami nanotubes and electrically contacted individual nanowires using electron beam 

lithography. We measured the electrical conductance of the metallized nanowires at various 

temperatures from room temperature down to liquid helium temperature for two different 

nanowire morphologies. At room-temperature, the I-V curves for both nanowires showed linear 

behavior, in agreement with previous reports. However, the temperature-dependent 

measurements indicate that multiple transport mechanisms contribute to the overall conductance 

of the nanowires in different temperature regimes. At low temperature, tunneling dominates the 

transport, whereas at intermediate and high temperatures, thermionic and hopping conduction 

governs the charge transport, respectively. Although the metallized DNA origami nanotubes  

deviate from pure metallic behavior, further tuning of the transport behavior is possible either by 

improving the metallization process or adding conductive molecules between the grown AuNPs 

which can be used for developing novel electronic devices displaying new functionalities.39,40 
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