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Abstract: The chromosome is an important genetic material carrier in living 

individuals and the spatial conformation (mainly referring to the chromosomal structure, 

quantity, centromere position and other morphological information) may be abnormal 

or mutated. Thus, it may generate a high possibility to cause diseases. Generally, the 

karyotype of chromosome G-bands is detected and analyzed using an optical 

microscope. However, it is difficult to detect the G-band structures for traditional 

optical microscopes on the nanometer scale. Herein, we have studied the detection 

method of chromosome G-band samples by atomic force microscopy (AFM) imaging. 

The structures of chromosome G-banding are studied with different trypsin treatment 

durations. The experiment result shows that the treatment duration of 20 s is the best 

time to form G-band structures. The AFM images show the structures of chromosome 

G-bands which cannot be observed under an optical microscope. This work provides a 

new way for the detection and diagnosis of chromosome diseases on the nanometer 

scale. 

 

Keywords: Atomic force microscopy, chromosome, G-band, trypsin treatment 

 

Introduction 

The chromosome is a carrier of genetic information in a special winding manner, 

including DNA, RNA, histones and non-histones (Wolffe et al. 2000). The karyotype 
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refers to all the chromosomes in the mitosis metaphase of a somatic cell, and the images 

are arranged in the order of their sizes and morphological characteristics. Chromosome 

karyotype analysis is an important method in cytogenetics, and contributes to the 

diagnosis and treatment of various clinical diseases, such as chromosomal diseases, 

leukemia and tumors (Panagopoulos et al. 2018; Peterson et al. 2019). G-banding is one 

of the most common banding technologies for karyotype analysis (Arora et al. 2019). 

After Giemsa staining, the histones combined with the loose fragments of DNA were 

stained as pale bands (G-negative bands), and the histones combined with the tight 

fragments of DNA were stained as dark bands (G-positive bands). Researchers 

analyzed that the morphological characterization of chromosome G-bands using optical 

microscopes and studied numerous G-band karyotype analysis methods based on 

optical microscopes (Cai et al. 2004; Howe et al. 2014). For instance, Zhang et al. (2014) 

reported that the optical microscope was used to detect chromosomal aberrations from 

the workers caused by ionizing radiation. However, the resolution of optical microscope 

was low and the details of chromosome aberrations were not able to be detected. Thus, 

it was difficult to provide accurate information about the structures of chromosome G-

bands (Koleva et al. 2013; Yilmaz et al. 2018). 

It was reported that the work on the chromosome imaging was done by AFM (Cai 

et al. 2018; Wu et al. 2006a,b). The structural nucleosomes were also studied using 

AFM (Stumme-Diers et al. 2019; Würtz et al. 2019; Pisano et al. 2019). In addition, 

AFM was used to cut specific fragments of the chromosome, extract the specific DNA 

information, and measure the chromosome volume (Fotiadis et al. 2002; Tsukamoto et 

al. 2006; McMaster et al. 1996; Yan et al. 2015; Yan et al. 2014; Di et al. 2011). As an 

imaging technology, AFM was used to obtain the chromosomal morphology and 

observe the aberrations, such as translocations, deletions and other features. Miranda et 

al. (2008) analyzed that the topography of the G-bands adsorbed on the glass in the 

early and mid-term human chromosomes by the amplitude modulation mode of AFM 

(AM-AFM). Researchers (Yang et al. 1995; Daban et al. 2011) have studied that the 

structures of chromatin fibers and individual nucleosomes could be clearly discerned 

with AFM. Qu et al. (2004) revealed that AFM was able to provide more information 

for the study of chromosome aberration induced by radiation, including visualizing the 

damage state of the chromosome at the hot points, as a basis of further research in the 

genomic level. In addition, the effect of trypsin on the structures of chromosome G-

banding was studied by AFM. Musio et al. (1997) showed that the trypsin treatment 
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during G-banding caused changes in chromosome structures. Sahin et al. (2000) 

indicated that the prolonged treatment with trypsin resulted in a collapsed pattern of 

chromosomes. Wu et al. (2006a,b) revealed that contaminants were removed by the 

trypsin treatment on the chromosome surface. However, the chromosome structures 

were damaged.  

In recent years, AFM has become an indispensable tool to detect the ultrastructure 

of chromosomes. It can provide more accurate information on the location of 

chromosome aberrations and detects the higher-order structures of chromosomes. Both 

mechanical and electrochemical properties of samples have been studied using AFM 

(Klausen et al. 2016; Xu et al. 2007). The image quality and resolution of the 

chromosome G-band structures obtained by AFM are better than those obtained by 

optical microscopes (Hoshiet al. 2001). However, the preparation method of 

chromosome G-band samples that is suitable for AFM imaging has rarely been reported. 

In this work, the effects of drying time and trypsin treatment time on the G-banding 

structures of human chromosomes were studied by AFM. A sample preparation and 

detection method for G-banding chromosomes suitable for AFM imaging was proposed. 

The high-resolution imaging of G-band chromosomes by AFM can be potentially used 

for the accurate diagnosis and treatment of chromosomal diseases. 

 

Experimental 

Sample preparation 

Peripheral blood lymphocytes were cultured at 37℃ (5% CO2) in RPMI-1640 

containing bovine serum albumin (15%) for 72 h, and then were used in the experiments 

when the cells underwent the logarithmic growth. Colchicine (Sangon Biotech, China; 

final concentration of 0.05 µg/ml) was added to the culture, then mixed gently and 

incubated at 37℃ for 1.5-2 h prior to the cells harvested. After the hypotonic treatment 

in the 0.075 mM KCl solution for 30 min at 37°C, the chromosomes were fixed in the 

methanol acetic acid fixative with the 3:1 ratio (Li et al. 2015; Benn et al. 2008). The 

deposit was resuspended in 0.3-0.5 ml of fixative, and 1-2 drops of the cell suspension 

were dropped onto a glass slide from a height of 30-50 cm. The tilt angle of glass slide 

is 6° (for better spreading). Excess water on the slide was evaporated by the alcohol 

lamp. After air-dried for 24 h, the glass slide was treated with 0.25% trypsin for 10, 15, 

20, 25 and 30 s, respectively. After stained in the Giemsa solution (10%) for 2.5 min, 

the glass slide was rinsed gently with distilled water. 
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AFM measurements 

The prepared samples were imaged at room temperature using an atomic force 

microscope (Agilent 5500, USA) working in the contact mode. The AFM images were 

acquired with ContAl-G AFM probes (spring constant: 0.2 N/m). The curvature radius 

of the silicon nitride tip was about 10 nm. The maximum scanning range was 99 µm. 

In every step of the image analysis process, the area of interest was primarily scanned 

with the image resolution of 512 ×512 pixels. 

Contact angle measurements  

The inclination angles of the cell suspension drop down to the glass slide were 

measured with a contact angle measuring system (Drop shape analyzer-DSA100, 

Germany) at room temperature. In the experiments, the tilt angle of the glass slide was 

6°, and the dropping volume was set to 6 μL. 

 

Results and discussion 

The trypsinization changes the morphological features of chromosomes with the 

increased treatment time. In this study, the images of the G-banding process of 

chromosomes were obtained by AFM after the trypsin treatment. The AFM height 

images of chromosomes were detected without the trypsin treatment, as shown in 

Figure 1. Fig. 1a shows that the untreated chromosome surface structures are smooth 

and the sister chromatids appear spiral corresponding to each other. The experimental 

result is consistent with the previous work reported by other researchers (Ushiki et al. 

2008). Fig. 1b shows that the high-definition 3D topography of the AFM and the details 

of chromosome surfaces are revealed. More chromosomal abnormalities such as small 

deletions, repetitions, inversions and translocations are found by AFM, which can make 

the location of chromosome aberrations more precise and improve the accuracy of 

diagnosis (Koleva et al. 2013). 
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Fig. 1 AFM height images of chromosomes without the trypsin treatment (a). Three-dimensional 

images of chromosomes (b) 

Furthermore, the chromosome G-banding structures were studied with different 

time durations of trypsinization at the same concentration, as shown in Figure 2. The 

chromosomes treated with trypsin for10, 15, 25 and 30 s were imaged and analyzed by 

AFM. Figs. 2a-2h show that the effect of trypsin duration on chromosome structures 

can be directly observed from AFM height and three-dimensional images, respectively. 

When the trypsin treatment time was 10 s, the regular spiral structures become smooth 

and the bands are not generated, as shown in Figures 2a and 2e. When the trypsin 

treatment time was 15 s, a very shallow band structure appeared on the surface of the 

chromosome, as shown in Figures 2b and 2f. However, the structure was irregular. Figs. 

2c and 2g show that the structure of chromosomes is collapsed with the trypsin 

treatment for 25 s and the internal differentiation between chromatids disappears, and 

there is a structure similar to a ladder-shaped pit. In addition, the subsequent structures 

of the chromosome were generated with the trypsin for 30 s, as shown in Figures 2d 

and 2h. Almost all internal structures except the chromosome edges were treated by 

trypsin. Figs. 2i-2l are the height profiles of the transversal sections marked with the 

white dashed lines in the height images of (a)-(d). The profiles indicated that the 

prolonged treatment with trypsin resulted in the decrease of chromosome height, and 

the increase of surface roughness and irregularity. Therefore, appropriate treatment 

time will make the surface structures of chromosomes regularly. If the treatment time 

is too short, the surface of the chromosome can be treated only a little and the G-bands 

cannot be clearly analyzed. With the extension of treatment time, the internal structures 

of the chromosome were gradually dissolved, and the edges of the chromosome were 

obvious. 
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Fig. 2 AFM height and three-dimensional images of chromosome structural changes caused by 

trypsin treatment: (a and e) after 10 s, (b and f) after 15 s, (c and g) after 25 s, and (d and h) after 30 

s. (i)-(l) are the height profiles of the transversal sections marked with the white dashed lines in the 

height images of (a)-(d) 

 

Based on the effect of trypsin treatment time on the structures of chromosome G- 

banding, an experimental method suitable for the AFM imaging of G-bands is presented. 

Figs. 3a and 3b show that the structures of chromosome G-bands are treated by trypsin 

for 20 s imaged with the AFM and optical microscope. In order to ensure the bands to 

correspond, the white arrows and the black arrows are the corresponding bands, 

respectively, as shown in Figures 3a and 3b. It can be seen from Figure 3a that the 

images of chromosome G-bands obtained with AFM are clear and the details are visible. 

Fig. 3b shows the images of chromosome G-bands obtained with the optical microscope 

are blurred. Furthermore, the G-positive bands of chromosomes are significantly higher 

than the G-negative bands obtained from AFM images. In contrast, the pale (G-negative) 

and dark (G-positive) stripes of chromosomes obtained by the optical microscope are 
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not obvious. With the low resolution of optical microscope, there is a possibility of 

missing the important details. Just like the negative bands at the ends of chromosomes 

circled by dashed lines, they are shown in Figures 3a and 3b. In addition, the G-bands 

of chromosomes and their height curves are obtained directly in the 3D AFM images. 

The positions of the positive bands of the chromosome correspond to the "peaks" of 

cross-sectional AFM images. In addition, the positions of the negative bands of the 

chromosome correspond to the "troughs" of cross-sectional AFM images, as shown in 

Figures 3c and 3d. That is, the "peaks" and "troughs" of chromosomes correspond to 

the positive and negative bands of the pattern diagram, respectively. It is demonstrated 

that the AFM images of the chromosome structures can reflect the unique banding 

pattern of each chromosome. 

 

 

Fig. 3 Images of chromosome G-bands treated by trypsin for 20 s: (a) Three-dimensional AFM 

images of chromosomes. (b) Optical microscope images of chromosomes. (Note: The white arrows 

and the black arrows are the corresponding bands.) (c) The above is the pattern diagram of 

chromosome 4. From left to right, the names of the positive bands of some short arms, centromeres, 

and some long arms are marked in order. Below is the vertical height variation curve of chromosome 

4 (selected from dotted line 1 of chromosome 4 in Fig. 3a). The peaks of the curve indicated by the 

black arrows show the locations of the chromosome positive bands. (d) The above is the pattern 
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diagram of chromosome 18. From left to right, the names of the positive bands of some short arms, 

centromeres, and some long arms are marked in order. Below is the longitudinal height variation 

curve of chromosome 18 (selected from dotted line 2 of chromosome 18 in Fig. 3a). The peaks of 

the curve indicated by the black arrows show the locations of the chromosome positive bands 

 

In this study, the chromosomes have a better dispersion, when the cell suspension 

drops down to the glass slide tilted at a certain angle. According to the results of contact 

angle measurement and optical microscope observation as shown in Figure 4, when the 

inclination angle of the glass slide is 6°, the cell suspension can spread well without 

causing the cell suspension to slip off due to the excessive inclination angle. Thus, the 

method adopted in this study will make the chromosome structures non-overlapped and 

the chromosome sample suitable for AFM imaging and analysis.  

 

 

Fig. 4 Contact angle images of cell suspension and the optical image of chromosomes with good 

dispersion: the cell suspension in contact with the glass slide (a), the cell suspension is tilted on the 

glass slide (b), the cell suspension extends down the slope (c), and the chromosomes with good 

dispersion on the glass slide (d). (Note: The tilt angle of the glass slide is 6°.) 

 

Besides, Fig. 5 shows that the AFM images of four groups of chromosomes are 

treated with trypsin for 20 s with different dry time durations. Fig. 5a shows the 

treatment with trypsin directly without a drying process after the preparation of the 

chromosome sample. The band structures disappear and are replaced by the fibrous 

structures. When the drying time is 12 h, the chromosome structures are also destroyed 

at the same treatment time, and some bands are visible, as shown in Fig. 5b. The 

chromosome fibers resulted from insufficient aging time can affect the observation of 
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G-banding. When the drying time is 24 h, the chromosome surface is smooth and the 

bands are clear, as shown in Fig. 5c. However, when the drying time is extended to 48 

h, only few structures are treated on the surfaces of the chromosomes, as shown in Fig. 

5d. The periodicity of surface structures can be analyzed using FFT (Liang al. 2016). 

Figs. 5e-5h show that the periodicities of chromosome G-bands are reflected by the 

bright lines passing through the center points of Fourier transform images. Fig. 5g 

indicates that the bright lines in the Fourier transform image confirm the clear bands of 

chromosomes in Figure 5c. Because the prolonged drying time will make the 

chromosomes aging, the histones of the chromosome are not easily treated by trypsin, 

and influence the form of band structures. It can be seen that the chromosome samples 

with different drying time durations have different conditions for the treated G-band 

structures. 

 

 

Fig. 5 AFM images of samples with different drying time durations of 0 h (a), 12 h (b), 24 h 

(c) and 48 h (d), and treated with trypsin for 20 s, respectively. (e)-(h) are corresponding Fourier 

transform images of the AFM images (a)-(d) 

 

Conclusion 

In summary, the AFM images of chromosome G-bands were successfully 

observed. The chromosome samples were obtained with the drying time of 24 h and the 

trypsin treatment time of 20 s, and the chromosome samples of G-band structures were 

suitable for AFM imaging. The samples prepared by this method can not only fully 

evaporate the fixing solution, but also make the samples aging moderately. The sample 

treatment time with trypsin is easy to be managed. The AFM image has clear G-band 
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structures and can achieve the best banding result. The images of chromosome G-bands 

obtained by AFM correspond to the bands from the optical microscope imaging. AFM 

has a higher resolution to detect more bands than optical microscopy. Besides, the AFM 

image is more accurate in the position of G-bands. Therefore, the G-bands of 

chromosome samples are suitable for AFM imaging. Observing structural changes can 

provide more accurate information of chromosomal aberrations on the nanometer scale, 

and it is important for the chromosome karyotype analysis and the diagnosis of 

chromosomal diseases. The AFM images of the chromosome G-band structures are 

expected to replace the conventional karyotype analysis methods using optical 

microscopes or be used in conjunction with them to provide a new way for the detection 

and diagnosis of chromosomes. 
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