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Abstract 

In this work, a rich variety of self-assembled DNA patterns were obtained in the magnetic field. Herein, atomic force 

microscopy (AFM) was utilized to investigate the effects of the concentration of DNA solution, intensity and direction of 

magnetic field and modification of mica surface by different cations on the self-assembly of DNA molecules. It was found 

that owning to the change of the DNA concentration, even under the same magnetic field, the DNA self-assembly results 

were different. The in-situ test results showed that the DNA self-assembly in an magnetic field was more likely to occur in 

liquid phase than in gas phase. In addition, whether in a horizontal or vertical magnetic field, a single stretched dsDNA was 

obtained in a certain DNA concentration and magnetic field intensity. Besides, the modification of cations on the mica 

surface significantly increased the force between the DNA molecules and mica surface, and further changed the self-assembly 

of DNA molecules under the action of magnetic field. 
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1. Introduction 

The magnetic field (MF) is widely spread in our society 

through transmission lines and almost all electrical 

appliances [1]. Over the past few decades, the interactions of 

magnetic fields with living cells [2,3] and organisms [4] have 

attracted wide interest from a broad scientific community of 

chemistry, biology, physics, medicine as well as 

nanotechnologies [5]. It has been confirmed by in vitro 

experiments and epidemiological studies that the MFs are 

associated tightly with some diseases [6-9] related to the 

alterations of various cellular functions, including 

transcription [10], protein synthesis [11], proliferation [12] 

and differentiation [1,13,14]. Nevertheless, most of the above 

studies are relatively inconclusive and mainly based on 

diverse protocols from the aspect of cellular systems, field 

intensities and exposure conditions. Furthermore, the effects 

of MFs on DNA or RNA structures are still poorly 

understood. 

At present, the DNA double or single strand breaks caused 

by radiations or chemicals are generally analyzed by neutral 

or alkaline procedures, such as gel electrophoresis [15], 

which are mainly based on the average and general response 

to total DNA contents for the detection of decreased DNA 

molecular weight. Although the above methods could 

provide a feasible way for the evaluation of the DNA-related 

issues at the molecular level, there are still some restrictions 

in the direct visual analysis of DNA conformation and spatial 

arrangement variations. Atomic force microscopy (AFM) has 

been widely used in imaging biological samples since its 

birth in 1985, such as cells [16,17], viruses [18], bacteria 

[19], chromosomes [20], DNA [21] and protein [22] 

molecules. It is worth noting that AFM plays a unique role in 

the analysis of DNA molecular structures due to its spatial 
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resolution on the sub molecule structure and the ability to 

image single oligonucleotides with an arbitrary size, complex 

structure and flexible conformation in physiological 

conditions. The development of atomic force microscopy 

technology has provided a way to determine DNA helix 

repeats [23-25], and led to the visualization of DNA double 

helix structure. Therefore, the application of atomic force 

microscopy will make it possible to the direct visualization 

of DNA conformation and spatial arrangement variations 

under the effects of MFs. In addition, it is reported that the 

DNA molecules are able to be self-assembled into a variety 

of complex structures in relatively simple procedures, which 

provides a remarkably flexible way for the construction of 

various DNA nanostructures and functional devices, such as 

nanoparticles [26-29], nanorods [30-32], nanowires [33,34], 

networks [35], DNA Origami [36], and DNA-based 

electrochemical biosensors, and thus promoted the potential 

application of DNA in medical and nanotechnological fields. 

Furthermore, the controllable self-assembly of DNA 

molecules under electric field has been confirmed in our 

previous studies [37]. However, the self-assembly of DNA 

molecules into specific patterns under an magnetic field 

needs to be further investigated. 

In this work, under the synergistic effect of magnetic field, 

a variety of morphologically controlled self-assembled DNA 

patterns were successfully obtained. Considering the 

influence of magnetic field direction on DNA self-assembly, 

the horizontal magnetic field (HMF) and vertical magnetic 

field (VMF) were constructed. By adjusting the current, the 

intensity of magnetic field could be easily changed. Other 

factors affected the self-assembly of DNA molecules 

including the concentration of DNA solution, liquid phase, 

gas phase and modification of mica surface by different 

cations including Mg2+ and Na+ on the self-assembly of DNA 

molecules were investigated by atomic force microscopy 

(AFM). The information obtained will contribute to the 

deeper understanding of the effect of magnetic fields on 

DNA molecules, and it is also helpful for the application of 

DNA molecules in nanotechnology. 

2. Methods 

2.1 Materials 

The λ-DNA (48502 bp, 500 ng/μL) stock solution was 

used in this work and obtained from Thermo Fisher 

Scientific Company (China). Ultrapure water used during the 

experiments was purified with a Milli-Q water purification 

system with resistivity larger than 18.2 MΩ·cm. The mica 

square sheets (KMg3(AlSi3O10)F2) with the size of 1.0×1.0 

cm2 were obtained from Taiyuan Fluorphlogopite Mica 

Company (China). The mica sheets used in the experiments 

were all freshly cleaved. 

2.2 DNA solution preparation 

The DNA solutions with the concentrations of 3.5 ng/μL 

and 7.5 ng/μL were prepared by diluting the DNA stock 

solution (500 ng/μL) with ultrapure water. 

2.3 DNA sample preparation under magnetic fields 

As shown in Figure 1, the HMF and VMF were 

constructed, respectively. The two types of magnetic fields 

were produced by an energized solenoid. The intensity and 

direction of the magnetic field were regulated by an E363A 

instrument (the Keysight Technologies Company, USA) and 

measured by a WT106 Gaussmeter (Weite Magnetic 

Technologies Company, China). A static magnetic field 

(SMF) was used in the experiment, and the frequency was 0. 

The mica substrate was placed in the center of the solenoid 

and then 2 μL of DNA solution was dropped onto the center 

of mica surface. The action time of the magnetic field was 4 

min. Since the inner diameter of the solenoid was 5 cm, the 

magnetic field acting on the DNA sample could be 

considered as uniform. After dried in air, the DNA samples 

were imaged and analyzed using AFM. 

Mg2+ and Na+ modified mica surfaces were prepared to 

study the effects of different cations on the self-assembly of 

DNA molecules under the magnetic fields. First, 

MgCl2·6H2O and NaCl were dissolved in ultrapure water for 

the preparation of the MgCl2 (10 mM) and NaCl (10 mM) 

aqueous solutions, respectively. On a freshly cleaved mica 

surface, the aqueous solution (2.5 μL) was spread. Finally, 

the DNA solution was dropped on the center of the as-

modified mica surface. The samples prepared without the 

magnetic fields in accordance with the same processes were 

also considered. 

The contact angle of the mica surface was analyzed by the 

Drop Shape Analyzer-DSA100 (Germany). 

All the experiments were carried out at room temperature. 

2.4 In-situ measurements of DNA sample in HMF 

2 μL of DNA solution was dropped onto the centre of 
freshly cleaved mica surface and naturally dried in air. The 

DNA samples were imaged and analyzed by AFM. Then, the 

samples were placed in the 4.5 mT HMF for 5 min. After 

that, the samples were imaged and analyzed again by AFM. 

2.5 Atomic force microscopy measurements 
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Figure 2. The AFM morphological images of DNA self-

assembly structures acquired without the application of 

magnetic field on the bare mica surface and their 

corresponding height profiles. The DNA concentrations 

used in the experiment were 3.5 (a) and 7.5 (b) ng/μL. 

 

The Agilent 5500 AFM (Agilent Technologies Company, 

USA) in the tapping mode was utilized for the experiments. 

The Tap300Al-G AFM probes with the spring constant of 40 

N/m were used in the measurement under ambient conditions. 

All AFM images were obtained from at least three different 

independent samples and were processed by a SPM data 

analysis software (Pico Image Advanced 6.2), which was 

also used to perform DNA height analyses [56]. The height 

of DNA was measured by section analysis. All average 

values were measured at least from five different AFM 

images [39]. The Image J software was utilized to measure 

the surface coverage of the DNA samples. The results were 

acquired from at least three different independent 

experiments and were expressed as mean ±  standard 

deviation (number of measurements). The surface coverage 

can be obtained by 

c = m  Ctb  

where c is the surface coverage. m represents the measured 

surface coverage, and Ctb is the coefficient of tip broadening, 

which is estimated to be 5.9 in this case [38].  

3. Results and discussion 

Figure 2 shows the difference of DNA molecule assembly 

at the DNA concentrations of 3.5 and 7.5 ng/μL without the 

application of magnetic field. At a low concentration (Figure 

2a), the interconnection between DNA molecules was 

relatively weak and the DNA molecules were dispersed in 

branch-like forms with observable DNA chains at the edge. 

Simultaneously, scattered DNA fragments and points can be 

observed in the areas between the branches. With the 

increase of the DNA concentration to 7.5 ng/mL as shown in 

Figure 2b, the DNA molecules accumulated into a network 

structure with uniform and polygonal meshes, indicating the 

aggravated interconnection degree between the DNA 

molecules. In addition to the alternations in morphology, the 

increase in the height of DNA self-assembly structures 

owning to the increase of DNA concentration should not be 

neglected. It can be concluded that the increase of DNA 

concentration promotes the overlapping and interlacing of 

multiple dsDNA chains and helps to form a more stable 

DNA network structure [39]. 

 

 

 

Figure 1. Samples prepared under different magnetic fields. 
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Herein, under the application of horizontal magnetic fields, 

the DNA self-assembly on the bare mica surface with the 

concentration of 3.5 ng/μL is shown in Figure 3. Since the 

inner diameter of the solenoid was large enough and the mica 

substrate was horizontally placed in the center of the 

solenoid, the magnetic field could be considered as parallel 

to the mica surface and was indicated by the blue arrows 

marked with N and S at both ends. 

Interaction of magnetic/electric fields with the matter 

(even with the biological cells), either it transmits the fields 

or reflects the fields or absorbs the fields [40-43]. It depends 

on the operating frequency of the fields and the properties of 

the material such as electrically conducting properties, 

dielectric properties, and/or magnetic permeability [44-52]. 

According to the diamagnetism of DNA molecules, when 

MF is parallel to the DNA helix axis, the magnetic Lorentz 

force (FL) acts on the moving negative charges of DNA 

(Figure 3a). Thus, the switching of MF results in the change 

of DNA natural motion. Furthermore, according to the 

Larmor precession of a magnetic moment in a magnetic field, 

if the MF is not parallel to the DNA helix axis, the DNA will 

precess along the direction of the MF [54]. It can be seen 

from Figure 3b that compared with the DNA sample without 

the application of magnetic field (Figure 2b), under the HMF 

intensity of 3.5 mT, extended DNA strands were obtained at 

the same DNA concentration of 3.5 ng/μL. The DNA strands 

showed the obvious trend of extending along the HMF 

direction and thus contributed to the significantly lower 

height of the DNA strands than that of the DNA fiber in 

Figure 2a. Therefore, a single dsDNA strand can be obtained 

under this condition [55]. This might be attributed to the 

effect of magnetic force, which promoted the dispersion of 

DNA molecules in the solution. Thus, it reduced the contact 

and crossover opportunities of DNA molecules, and finally 

extended the DNA strands along the HMF direction. Figure 

3c shows that when the HMF intensity was increased to a 

higher value of 4.0 mT, the extension direction of the DNA 

fibers bacame almost perpendicular to the direction of the 

HMF and the height was increased to almost 2 nm. This 

indicates the realization of lateral stacking of DNA 

molecules along the HMF direction rather than the extension 

of a single DNA strand with the increase of magnetic field 

intensity. 

It is noted that the deposition of DNA onto a solid surface 

is very sensitive to all kinds of environmental factors and 

hard to control, in particular if it is not adsorbed and washed 

but dried. In this case, very different DNA film morphologies 

can be obtained under seemingly identical conditions, 

sometimes even on the same sample. In order to clearly 

Figure 3. (a) Side view of DNA (left) and top view of DNA cross section (right) under an magnetic field. The downward 

MF is signed as “”. B is the MF induction; v is the charge velocity. When MF is parallel to the DNA helix axis, the 

magnetic Lorentz force (FL) acts on the moving DNA’s negative charges. (b) and (c) show the AFM morphological 

images, local amplification images, three-dimensional images and the corresponding height profiles of the sample 

prepared with the effect of various HMF intensities: 3.5 and 4.0 mT. (Note: The directions of the HMFs are represented 

by the blue dotted arrows in the three-dimensional images. The DNA concentration used in the experiment was 3.5 

ng/μL.)  
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demonstrate any alignment in the bulk phase that is not 

induced by drying effects, AFM images obtained at different 
positions on the sample surface with the same treatment are 

shown in Figures S1 and S2. In addition, it has been shown 

that the measured heights in tapping mode strongly depend 

on RH and selected free oscillation amplitude and amplitude 

setpoint [57,58]. The AFM images acquired under different 

conditions would affect the obtained heights of the DNA 

deposits. Therefore, for all experiments in this work, the RH 

was maintained to be 18%, the selected free oscillation 

amplitude was set to be greater than the amplitude setpoint 

value, and the images were taken in the attractive mode. 

Figures S1 and S2 show the phase images corresponding to 

the morphology images, which indicates that under the same 

conditions, there is a similar phase change trend between the 

same group of samples, thus confirming the rationality of the 

obtained heights of the DNA deposits in this experiment. 

It can be confirmed from the above results that the DNA 

concentration is a significant factor in the formation of 

various DNA structures, and the DNA self-assembly is 

indeed influenced by the HMF force. Therefore, the self-

assembly of DNA molecules at a higher concentration of 7.5 

ng/μL under the HMF with different intensities was further 

investigated (Figure 4). In addition, the heights of DNA 

Figure 4. The AFM morphological images, local amplification images, three-dimensional images and the 

corresponding height profiles of the samples prepared with the effect of various HMF intensities: 1.5 (a), 3.0 (b), 

3.5 (c), 4.0 (d) and 4.5 mT (e). f-j are the Fourier transform images corresponding to the AFM morphological 

images of a-e. (Note: The directions of the HMF are represented by the blue dotted arrows in the three-

dimensional images. The DNA concentration used in the experiment was 7.5 ng/μL.) 
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strands were measured from the cross-section analysis of 

AFM images, and the histograms of their distributions are 

shown in Figure 5a. Under a low HMF intensity of 1.5 mT, 

the DNA strands were intertwined to a slight extent and 

roughly stretched along the HMF direction. In addition, 

although the stretching degree of the DNA strands was not as 

obvious as that in Figure 3a, the single dsDNA strands were 

also obtained under this condition, since the DNA strands 

were 0.5~1.3 nm as measured.  

When the HMF intensity increased to 3.0 mT, a large-

scale DNA network appeared, as shown in Figure 4b. Most 

of the meshes in Figure 4b were larger in size, and small 

meshes were closely distributed in some of the large meshes, 

which were different from Figure 2b. In addition, the 

network fibers in Figure 4b were higher and wider with 

redundant bifurcations, compared with those in Figure 2b. 

Furthermore, one interesting phenomenon is that some 

nodules with the height of about 30~70 nm can be found 

evenly distributed on the DNA fibers. 

Different from the slender DNA strand structures in 

Figure 3a, under the same HMF intensity of 3.5 mT, when 

the DNA concentration was increased, a large-scale vine-like 

DNA arrays were acquired and they were parallel arranged 

with the spacing of about 3 μm and extended along the HMF 

direction, as shown in Figure 4c. The vine leaves were 

uniform in size and were thick with more than 12.0 nm, 

much higher than the DNA strands in Figure 3a. Moreover, 

the surface of the vine leaves was flat and smooth with clear 

edges. The above results indicate that with the effect of the 

enhanced HMF force, the DNA molecules are more likely to 

be tightly intertwined and stacked.  

When the HMF intensity was increased to 4.0 mT, DNA 

molecules were assembled into network structures again with 

relatively large meshes, as shown in Figure 4d. The tentacle-

shaped DNA fibers can be seen stretching out from the edges 

of meshes. Furthermore, inside some of the meshes, a 

considerable number of DNA strands with the height of 

about 3~5 nm can be seen coiled and stacked together. 

An interesting phenomenon is that when the magnetic 

field strength was increased to 4.5 mT (Figure 4e), the DNA 

molecules were aggregated into a pattern similar to that in 

Figure 3b, except that the height of the DNA fibers was 

increased slightly. Besides, the pattern has showed a 

periodicity in the direction perpendicular to the HMF in the 

Figure 5. Histograms of the height distributions (a) and calculated surface coverages (b) of 7.5 ng/μL DNA under 

different HMF intensities: 1.5, 3.0, 3.5, 4.0 and 4.5 mT. 
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Fourier transform image.  

Therefore, the above results indicate that the DNA self-

assembly is closely related to the HMF intensity, where 

different forms of DNA self-assembly can be obtained under 

different HMF intensities. Even under the same magnetic 

field intensity, the self-assembly will change with different 

DNA concentrations. This suggests that the self-assembly 

mechanism of DNA molecules is complex with diverse 

assembled patterns under the effect of the HMF force. 

Fourier transform images are shown in Figures 4f-4J to 

evaluate the periodicity of DNA self-assembly patterns. 

Figures 4f and 4e show the periodic arrangements in the 

direction approximately perpendicular to the HMF of DNA 

strands in Figures 4a and 4e. DNA self-assembly patterns in 

Figures 4b and 4c possessed the similar periodicity in the 

direction of about 45 degrees clockwise to the HMF direction. 

As for the DNA pattern in Figure 4d, it had a weak 

periodicity in the direction of 135 degrees clockwise to the 

HMF direction. The results demonstrate the feasible 

construction of periodic DNA patterns under magnetic fields. 

In addition to the investigation of morphology and height, 

the surface coverage is also an important parameter for the 

DNA self-assembly under the effect of the magnetic field.  

Figure 5b shows the plot of the estimated surface coverage 

of the DNA patterns under different HMF intensities as 

shown in the first columns of Figures 4a~4e. The surface 

coverage was increased from 1.4 ± 0.4% to 3.4 ± 0.7% as the 

HMF intensity was increased from 1.5 mT to 3.0 mT. Then 

the surface coverage reached the maximum value of 4.8 ± 

0.8% at 3.5 mT. After that, with the increase of HMF 

intensity from 4.0 mT to 4.5 mT, the surface coverage 

showed a decrease trend from 3.7 ± 0.6% to 1.8 ± 0.5%. This 

indicates that the increase of magnetic field force will not 

lead to the continuous increase of DNA surface coverage, or 

even cause the decrease of the surface coverage. 

It is worth noting that the above DNA self-assembly under 

the magnetic field occurred in the liquid phase. Herein, to 

understand the way that the HMF affected the DNA self-

assembly in air, in-situ measurements were carried out in a 

clean room, as shown in Figure 6. It can be seen that even if 

the magnetic field intensity reached 4.5 mT and the acting 

time was long enough, there was no significant 

morphological changes in the DNA network. Therefore, the 

DNA self-assembly under the magnetic field is more likely 

to occur in the liquid phase than in gas phase. 

It was reported that the surface property was an important 

factor influencing the DNA self-assembly. Pure mica 

exhibits diamagnetic properties. Different properties of mica 

differently influence a DNA sample [40-48,50,51,53]. Thus, 

different cations including Mg2+ and Na+ modified mica 

surfaces were prepared to investigate the DNA self-assembly 

affected by the factors of surface characteristics under the 

HMF. Figures 7a, 7d and S3 show the control experiments of 

the 7.5 ng/μL DNA samples prepared on Mg2+ and Na+ 

modified mica surfaces without the magnetic field applied. In 

both cases, the DNA strands were all loosely distributed on 

the ion modified surfaces without obvious molecular contacts, 

crossovers and overlaps. Besides, The DNA strands in the 

two groups were similar in height and measured to be 1~3 

dsDNA high. In addition, a large number of buffer salt 

particles were deposited on the modified mica surfaces, even 

leading to part of the DNA chains buried in it. The assembly 

of the DNA molecules was changed after the application of 

1.0 mT HMF, as shown in Figures 7b and 7e. For the Mg2+ 

modified mica surface, the network structure with broken 

edges was constructed through the horizontal accumulation 

of DNA molecules and no obvious residual buffer salt 

particles were found. Compared with the control group, the 

height and width of the DNA network were significantly 

increased. For the Na+ modified mica surface, the DNA 

molecules formed a relatively dense network structure, and 

its height was slightly lower than that of the network in 

Figure 7b.  

Figure 6. In-situ measurements of the DNA samples on 

bare mica surfaces before (a) and after (b) the action of 

4.5 mT HMF acted for 5 min. The DNA solution used 

was 7.5 ng/μL. 
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When the HMF intensity was increased to 3.5 mT (Figure 

7c), long parallel arrays were observed on the Mg2+ modified 

mica surface, which were significantly different from the 

vine-like DNA arrays shown in Figure 4c. The reasons for 

this event could be as follows. On the one hand, the increase 

of the HMF intensity aggravated the break of parts of the 

DNA strands. While on the other hand, the electrostatic 

attraction force between the Mg2+ modified mica surface and 

DNA molecules makes DNA molecules more prone to local 

accumulations and contacts with each other under the action 

of HMF. Compared with the Mg2+ modified mica surface, on 

the Na+ modified mica surface, a network with larger meshes 

and obvious nodules appeared in the image, as shown in 

Figure 7f. The nodules led to the height increase of the DNA 

network to a certain extent. Due to the differences of the 

surface modified cations, the electrostatic attraction forces 

mentioned above were different, resulting in different results 

of DNA self-assembly. In addition, the change of  

hydrophobicity or hydrophilicity of mica surface is an 

important factor affecting the spreading of droplets on the 

surface [41-43,48,49]. The surface hydrophilicity of the two 

types of cations modified mica surface was obviously 

weakened, especially for the Mg2+ modification, as shown in 

Figures 7g-7i. Thus, the DNA solution was more difficult to 

spread, and largely promoted the accumulation of DNA 

molecules under the action of magnetic fields.  

  Figure 8 shows the distribution of 7.5 ng/μL DNA under 

the different intensities of upward vertical magnetic field. 

Obviously, the DNA self-assembly was not only influenced 

by the horizontal magnetic field, but also by the vertical 

magnetic field. Under the VMF intensity of 1.0 mT (Figure 

8a), DNA molecules were stretched into parallel long chains 

with the height of about 0.5~3.0 nm, which provided 

favorable conditions for obtaining stretched single dsDNAs. 

As the VMF intensity was increased to 1.5 mT (Figure 8b), 

the DNA molecules were assembled to a network similar to 

that in Figure 7f, but its height was much lower with the 

value of about 1.0~2.5 nm. At the VMF intensity of 3.0 mT 

(Figure 8c), long parallel arrays with the spacing of almost 

20 μm were formed. Different from the stretched DNA 

strands in Figure 8a, the arrays were composed of a great 

number of accumulated DNA molecules, as shown in the 

 

Figure 7. AFM images and the corresponding height profiles of 7.5 ng μL-1 DNA on the Mg2+ and Na+ modified mica 

prepared under the different HMF intensities: 0 (a, d), 1.0 (b, e), and 3.5 mT (c, f), respectively. Pictures g, h and i are 

the water droplets on the bare, Mg2+ and Na+ modified mica surfaces, respectively. 



Journal XX (XXXX) XXXXXX Author et al  

 9  
 

local amplified image. Notably, even though the DNA 

molecules were stacked, the height of the arrays did not 

increase significantly, which indicated that the DNA 

molecules tended to accumulate in the horizontal direction 

under the action of the VMF. Figure 8d shows that as the 

VMF was increased to 5.0 mT, the flower cluster structure 

with the height of almost 60 nm appeared due to the serious 

agglomeration of DNA molecules. 

4. Conclusions 

In summary, under the effect of magnetic fields, a variety of 

morphologically controlled self-assembled DNA patterns 

were obtained in this work. The results showed that the 

concentration of DNA solution, the intensity and direction of 

magnetic field, and the ion modification on the mica surface 

were crucial factors affecting the DNA self-assembly under 

the action of magnetic fields. It should be noted that owning 

to the change of DNA concentration, even under the same 

intensity and direction of the magnetic field, the DNA self-

assembly results were different. In addition, the in-situ test 

results showed that the DNA self-assembly in the magnetic 

field was more likely to occur in liquid phase than in gase 

phase. It was also found that a single stretched dsDNA could 

be obtained with proper DNA concentrations and magnetic 

field intensities, whether in the horizontal or vertical 

magnetic field. The spreading ability of DNA solution on 

mica surface modified by different cations was different. 

Cation modification will increase the force between the DNA 

molecules and mica surface, and further change the self-

assembly of DNA molecules under the action of magnetic 

field. The above investigation will contribute to the 

preparation of diverse controllable self-assembled DNA 

patterns and promote the application of DNA in the field of 

nanotechnology. 
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