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Abstract 

Conductive atomic force microscopy (C-AFM) is a powerful tool used in the microelectronics 

analysis by applying a certain bias voltage between the conducting probe and the sample and 

obtaining the electrical information of sample. In this work, the surface morphological 

information and current images of the lambda DNA (λ DNA) molecules with different 

distributions were obtained by C-AFM. The 1 ng/μl and 10 ng/μl DNA solutions were dripped 

onto mica sheets for making randomly distributed DNA and DNA network samples, and 

another 1 ng/μl DNA sample was placed in a DC electric field with a voltage of 2 V before 

being dried for stretching the DNA sample. The results show that the current flowing through 

DNA networks was significantly higher than the stretched and random distribution of DNA in 

the experiment. The I-V curve of DNA networks was obtained by changing the bias voltage of 

C-AFM from -9 V to 9 V. The currents flowing through stretched DNA at different pH values 

were studied. When the pH was 7, the current was the smallest, and the current was gradually 

increased as the solution became acidic or alkaline. 
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1. Introduction 

Conductive atomic force microscopy (C-AFM) was used to 

measure the electricity of the sample surface [1-4]. It applies 

a gentle contact force between the sample and conducting 

probe, ensuring a good electrical contact and the accuracy of 

the sample surface electrical characteristics. It can not only 

measure the electrical information of hard sample surface, but 

also measure the electrical properties of soft materials or 

biological samples. DNA is an important and promising 

biomolecule not only because of its genetic function, but also 

due to its potential application in the nanobiology and the self-

assembly capability [5, 6]. The electrical properties of DNA 

have been discussed in a number of reports, and the electrical 

conductivity measurements on DNA molecules have 

produced a wide range of experimental results [7-11]. It has 

been proved that the DNA double helix is a 2 nm diameter 

nanowire, and the electrical conduction is exhibited by its 

constituent base molecules p-stacked network [12, 13]. For 

this reason, the study of the electrical properties of DNA 

molecules in the various forms of distributions has aroused 

great interest, such as single molecule, network structure, 

bundle and thin film. Fink H W [14] found that DNA 

transported current as efficiently as a good semiconductor and 

suited for the construction of mesoscopic electronic devices. 

Eichen Y [15] successfully adsorbed silver ions with the 

negative electrical properties of DNA molecules to form 

nanowires, which had very good electrical conductivity. Tran 

P et al [16] measured the conductivity along the lambda DNA 

double helix at microwave frequencies using lyophilized DNA 

in and also without a buffer. The conductivity was strongly 
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temperature dependent around room temperature with a 

crossover to a weakly temperature dependent conductivity at 

low temperature. Hartzell B [17, 18] et al modified both ends 

of DNA molecules with the spanning Au electrodes and the 

disulfide groups at room temperature. A gap was formed 

between 5 and 3 sites after modification. The λ DNA 

molecules with a gap and a ligated gap were compared, and a 

close-to-linear current-voltage characteristic was observed in 

the repaired λ DNA. Yoo K H [19] et al reported the direct 

measurements of electrical transport through poly(dA)-

poly(dT) and poly(dG)- poly (dC) DNA molecules containing 

identical base pairs, and the results suggest that electrical 

transport through DNA molecules occured by polaron 

hopping.  

In this work, the 1 ng/μl and 10 ng/μl DNA solutions were 

dripped onto mica sheets for making randomly distributed 

DNA and DNA network samples, and another 1 ng/μl DNA 

sample was placed in a DC electric field with a voltage of 2 V 

before being dried for stretching the DNA sample.The surface 

morphological information and current images of DNA 

molecules were obtained by C-AFM. The current flowing 

through DNA networks was significantly higher than the 

stretched and random distribution of DNA. The I-V curve of 

DNA networks was obtained by changing the bias voltage of 

C-AFM from -9 V to 9 V. The currents flowing through 

stretched DNA at different pH values were compared, and the 

current was the smallest when the pH was 7, and gradually 

increased as the solution become acidic or alkaline. DNA 

electrical conductivity measurement has a good prospect in the 

nanoelectronics and biosensors. 

 

2. Materials and methods  

2.1. DNA sample preparation 

The λ DNA (48502 bp) was purchased from Jilin Yi Xiang 

Technology Company (China), the concentration was 500 

ng/μl and the length was about 16 μm. The purity of the DNA 

extracted by UV spectrophotometer was 1.8. The DNA 

solution was diluted using the ultrapure water in the ratio of 

1:50 and 1:500 (DNA: ultrapure water), and the ultrapure 

water was purified with a Milli-Q water purification system. 

The 1 ng/μl and 10 ng/μl DNA solutions were dripped onto 

mica sheets for making randomly distributed DNA and DNA 

network samples, and another 1 ng/μl DNA sample was placed 

in a DC electric field with a voltage of 2 V before being dried 

for stretching the DNA sample.  

2.2. Preparation of substrate conductive layer 

The freshly cleaved mica sheet (10×10 mm2, 

Fluorphlogopite Mica) was stripped using a white transparent 

tape (Fig. 1(a)). A 20 nm thick gold layer was successively 

deposited on the freshly cleaved mica sheet using a sputtering 

system (Q150TES, Quorum Technologies Ltd) (Fig. 1(b)). 

2.3. JPK AFM 

The conductive module of JPK AFM 

(Nano Wizard 3, Germany), C-AFM, was used to obtain the 

DNA morphological information and current images. A 

conductive probe was used to detect the current through tip-

surface junction with a DC voltage being applied between the 

tip and sample. The bias voltage range is from -10 V to +10 V, 

and the local electric current measurement was performed in 

the contact mode. In this work, the conducting probe (SCM-

PIC-V2) was purchased from the Bruker Corporation with the 

spring constant of 0.1 N/m and a Platinum-Iridium coated 

electrically conductive tip. 

2.4. DNA conductivity measurement 

Figure 1 shows the schematic diagram of DNA conductivity 

measurement by C-AFM. First, the mica sheet was selected as 

DNA substrate, a tape was used to peel off the outer surface 

of mica, leaking out the fresh and smooth mica layer (Fig. 

1(a)). A 20 nm thick gold film was deposited on the freshly 

cleaved mica sheet (Fig. 1(b)) for realizing the DNA current 

detection by C-AFM. The DNA sample with the concentration 

of 1 ng/μl and 10 ng/μl were respectively dripped to mica 

substrates using a pipettor (Fig. 1(c)), and dried naturally in 

the air making the random distribution of DNA sample and 

DNA networks. A DC electric field with a voltage of 2 V was 

applied to the 1 ng/μl DNA sample for stretching DNA 

molecules (Fig. 1(d)). Finally, the C-AFM was used to obtain 

the DNA topography and current images (Fig. 1 (e)). The 

conductive probe and the gold-coated substrate formed the 

two electrodes of the DNA molecule, respectively. The current 

flowed from the probe through the DNA molecule to the 

substrate, thus the electrical properties of DNA was obtained. 

 

Figure 1 The schematic diagram of DNA conductivity measurement by C-

AFM. (a) The freshly cleaved mica sheet was stripped; (b) A 20 nm thick 
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gold layer was deposited on the freshly cleaved mica sheet; (c) The DNA 

sample was dripped onto the conductive substrate; (d) Making stretched 

DNA sample under a DC electric field; (e) C-AFM was used to measure the 

DNA molecules conductivity. 

3. Results and discussion 

3.1. The conductive mechanisms of DNA 

For long DNA molecules, the existence of π-π bond makes 

that the charge transfer ability is very good [20, 21]. As the 

charge jumps from one G-C base pair to the next G-C base 

pair, the guanine is readily oxidized to the guanine radical 

cations, resulting in electron holes. Then another charge does 

the same thing repeatedly. The charge will make a number of 

jumps across a series of guanine bases, which leads to the 

formation of an electric current along the DNA axis. The 

charge transfer in a double-stranded DNA molecule is not only 

affected by the length, the proportion of C-G and the disorder 

of DNA, but also driven by the voltage perpendicular to the 

molecular chain [22]. 

When a vertical electric field is applied to a DNA molecule, 

the traditional ladder model is used to analyse the DNA 

properties, and the differences between the major and minor 

grooves of the double helix are neglected. The on-site energy 

can be expressed as [22] 

𝜀𝑠𝑛 = 𝜀𝑠𝑛
(0)

+ 𝑒𝐸𝑛𝑠𝑟𝑐𝑜𝑠 (
2𝜋𝑛

10
+ 𝜑0)          （1） 

where 𝜀𝑠𝑛
(0)

is the site energy of the snth base molecule with an 

external electric field, En is the field strength of the applied 

vertical electric field, s is the index (s=±1), r is the radius of 

DNA, and 𝜑0  is the phase determining the orientation of 

molecule with the field. It can be seen from Eq. (1) that the 

vertical electric field results in the modulation of the potential 

along the DNA helical axis, which changes the electronic 

structure of DNA molecule and affects its transmission 

proterty. 

3.2. DNA samples with different distributions of 

topography and current images by C-AFM 

 

 

Figure 2 The DNA morphological images (a-c) and the current images (d-f) 

under C-AFM. (a) (d) DNA molecules were stretched in a DC electric field; 

(b) (e) DNA was dripped randomly onto the sample; (c) (f) The DNA 

networks was captured. 

The surface morphology and current images of λ DNA 

molecules with different distributions were obtained by C-

AFM (Fig. 2), the bias voltage applied at samples was -6 V, 

and the measurements were finished at room temperature. 

Compared with the topographies, the same DNA distribution 

could be seen in the DNA current images, and the current 

images were more slippery and the DNA profile was clearer. 

When a negative electric field was applied to samples, the 

current flowing through DNA molecules was also negatively 

and the DNA molecules in electric images were dark relative 

to the substrate. Fig. 2(a) and (d) were the morphology and 

electric images of stretched DNA. Based on the electrical 

characteristics of DNA itself, the manipulation by DC electric 

field was used to orient the DNA strands, and the success of 

this method was confirmed in previous studies [5]. Fig. 2(b) 

and (e) were the morphology and electric images of the 

random distribution of DNA molecules, where DNA 

molecules in various orientations individually dispersed on the 

substrate surface , and some of the DNA molecules were 

stacked together. the morphology and the current images of 

DNA networks were shown in Fig. 2(c) and (f). The DNA 

mesh showed a dense polygon distribution in the image, and 

the DNA networks might be DNA bundles formed by 

interlacing or overlapping multiple dsDNA chains [6]. 

Fig. 3 shows the current values of different DNA 

distributions. 5 samples of the same DNA distribution were 

carried out for transport measurements, 10 points were 

selected from one DNA molecule in each image, and the final 

DNA current values were obtained by calculating the average 

value of all the points.  The current flowing through the 

stretched DNA, random distribution of DNA and DNA 

networks respectively were -1.92 pA, -8.26 pA and -30.97 pA. 

Due to the high resistance of DNA molecule itself, the current 

flowing through a single DNA molecule was relatively small, 

and the measured result in this paper was -1.92 pA. When 
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DNA was randomly distributed, some DNA molecules were 

scattered and crossed together, which increased the electrical 

conductivity of DNA molecules compared to individual DNA 

molecule. When the DNA concentration increased to form 

DNA networks structure, more DNA molecules were added 

together, and the conductivity was significantly higher than in 

the two cases mentioned above. 

 

 

Figure 3 DNA current distributions of different DNA distributions. 

3.3. The influence of different bias voltages on the 

current flowing through DNA networks 

Fig. 4 shows the I-V curve of DNA networks obtained by 

C-AFM. The bias voltage was performed both in the negative 

to positive direction and the range was from -9 V to 9 V. The 

electronic conductivity of DNA networks was reported under 

dry condition. With the increase of bias voltage, the current 

flowing through the DNA mesh structure increased gradually. 

The I-V curve of DNA should be linearly distributed at room 

temperature. Due to the random composition of DNA 

networks, the current in the DNA mesh variesed slightly from 

place to place.  

    

Figure 4 Current distributions of DNA networks under different bias 

voltages. 

3.4. The influence of different pH values on the current 

flowing through the stretched DNA molecules 

 

Figure 5 Current distributions of stretched DNA under different pH values. 

Different external stimuli cause the physical characteristics 

of DNA to change or recombine, enriching the development 

of dynamic DNA nanotechnology in considerable biological 

and biomedical applications. As one of the most common 

stimuli, pH has been widely used to regulate various DNA 

assembly mechanisms [23, 24]. In this part, the influence of 

different pH values on stretched DNA molecular current was 

studied. As the DNA molecules were stable over a pH range 

of 5-10 [25], and the λ DNA solution was adjusted to pH 5, 

pH 6, pH 7, pH 8 and pH 9 by adding HCl and NaOH, 

respectively. The bias voltage was - 6 V. Fig. 5 shows the 

current distributions of the stretched DNA molecules with 

different pH values. The current was the smallest when the pH 

was 7, gradually increased as the solution became acidic or 

alkaline, and the curve of current change shows the 

distribution of low in the middle and high on both sides. HCl 

and NaOH electrolyze H+ ions and Na+ ions in aqueous 

solution. Due to the negative charge of DNA phosphoric acid 

group, the positive ions in solution were adsorbed to DNA. 

Since the positive ions were also conductive, the conductivity 

of DNA molecule was enhanced. With the increase of acidity 

and alkalinity, the concentration of positive ions in the 

solution increased, and the conductivity increased gradually. 

4. Conclusions 

In this work, the 1 ng/μl and 10 ng/μl DNA solution was 

dripped onto mica sheets for making randomly distributed 

DNA and DNA network samples, and another 1 ng/μl DNA 

sample was placed in a DC electric field with a voltage of 2 V 

before being dried for stretching the DNA sample. We have 

obtained the surface morphological information and current 

images of λ DNA molecules by C-AFM, and compared the 

currents flowing through the stretched DNA, the random 

distribution of DNA, and the DNA networks. The current 

differences of stretched DNA at different pH values were 

compared, and the study shows that current flowing through 
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the DNA molecule was the smallest when the pH was 7, and 

gradually increased as the solution become acidic or alkaline. 

DNA electrical conductivity measurement has a good prospect 

in the nanoelectronics and biosensors. 
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