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Abstract: Atomic force microscope is a powerful imaging instrument for the microscopic study of 

biological samples from an individual molecule to a living cell. Visualization of topology and morphology 

of live cells under physiological conditions with nanometer resolution is highly desirable but challenging 

due to the collision between the cantilever and samples. Investigations of the optimized conditions for 

ultrastructural characterization and surface changes of WCH-17 cells prepared with different fixation 

procedures were aimed at using atomic force microscopy. The experiments were set and designed based on 

cell culture experiments' standard protocols and procedures and atomic force microscopy analyses. Here 

the topological and morphological changing of WCH-17 cells under physiological conditions to fixed (air 

and liquid nitrogen fixation) cells were investigated using AFM imaging of live and fixed cells. Both 

fixation methods significantly changed the topology and morphology of the cells. Cells lose their surface 

smoothness and are fixed with vacuole-shaped bodies on the surfaces. The ability of AFM to use in liquid 

conditions makes it the most powerful device and technique for surface studies of live cells. Investigating 

cell surfaces can be used for many goals, from determining the molecular mechanism of cells to cell 

interactions or changes when treated with drugs. 
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1. Introduction 

Atomic force microscopy (AFM) is a suitable technology for the characterization of 

topographical properties and mechanics of materials at the nanoscale length. AFM can image the 

surface topography of objects with the resolution of single atoms on a solid surface [1]. 

Furthermore, since AFM imaging can be performed in an aqueous condition, it can be used for 

biological samples such as proteins, nucleic acids, membrane lipids, and even live cells under 
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physiological conditions [2-7]. AFM is also applied for force measurements to estimate the 

strength of intra- and intermolecular bonds at the single molecule level [8-10]. In addition, AFM 

use for the mechanobiology measuring purpose aims to appoint the correlation of mechanical 

characteristics and physiological states of a living cell. [11-15]. 

High-resolution imaging of the cell surface is essential for gaining an understanding of the 

interactions that occur in communications between cells and within tissues. The usual and routine 

methods of AFM imaging of mammalian cells fixation or employing small concentrations of 

fixatives were necessary because higher structures were frequently too pliable for reproducible 

AFM scanning [16]. To overcome imaging problems in the dynamic system, the speed of AFM 

scanning has been extensively optimized by modifying each component of AFM [17,18]. 

 
Figure 1. Schematic diagram of AFM principles, sample preparation, and modes used in this study (a, b). The AFM 

instrument consists of a sample holder, a laser generator, a photodiode detector, a controller, a data processor 

(computer), and an AFM Probe. The AFM probe is composed of a cantilever with a tip attached at the end of the 

cantilever. The tip is the key for nanoscale imaging (whose type must change in different conditions), and the 

cantilever is a sensitive force measurement component. (a) Once fixed cells were prepared, add some liquid N2to 

petri dish and let all N2 evaporate and dry, and once fixed, the cells were at room temperature. AFM imaging of 

fixed cells carries out in contact mode. The horizontal movement of the probe during the scanning in contact mode 

of AFM imaging schematically showed. (b) AFM imaging of live cells performed in complete culture media on 

intermittent contact (fluid) mode. Vertical movement of the probe during the scanning in tapping mode of AFM 

imaging schematically showed. The tip moves up and down, so there is no shear on the sample. 

However, using conventional AFM for imaging dynamics of live biological samples has 

been difficult since recording an image and tip movement mostly destruct the sample takes many 

minutes. Developed AFM has been greatly used for material sciences (i.e., physical chemistry, 

chemical physics, surface science) and the characteristics of all molecular sciences fields [19-21]. 

Over the past 20 years, AFM has also become a standard tool in the life sciences for the study of 

biological phenomena such as surface topography [24–22], structural studies [25], and quantifying 
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biomolecule interactions [26– 30]. Hence, the microscope is a valuable complement to other 

characterization techniques that could be applied to the cell scaffold section. 

In this study, we investigated the surface of WCH-17 cells in two conditions: Live cells 

without any fixation in Physiological conditions and fixed cells, to show topological changes of 

the cell membrane in two modes and recorded their AFM images. Figure 1 shows the schematics 

diagrams of AFM principles in two imaging modes. 

2. Materials and Methods 

2.1. Cell line culture. 

WCH-17 cells (ATCC #: CRL 2082) were purchased from the Pasteur Institute of Iran. 

The cells were cultured in DMEM medium enriched with 10% FBS and 1% 

penicillin/streptomycin at 37 °C in 5% CO2 based on the manufacturer's protocol. 

2.2. Cell line characterization using invert microscopy. 

The morphological studies of WCH-17 cells were done by inverted microscope at actual 

magnification 100× in two concentrations of cells 24 h after plating.  

2.3. Cell line preparation for AFM microscopy. 

WCH-17 cells were cultured on 40 × 11 mm cell culture Petri dishes in DMEM medium 

enriched with 10% FBS and 1% penicillin/streptomycin at 37 °C in 5% CO2. AFM imaging was 

performed ≈ 24 hours after plating. 

2.3.1. AFM set-up for microscopy of the cells in liquid condition. 

The AFM system is housed on a vibration isolation platform. Our AFM set-up consists of 

the Nano Wizard 2 AFM (JPK Germany) mounted on an inverted Olympus microscope. The 

samples were imaged using intermittent contact (fluid) mode. The microscope was set at 150 Hz 

IGain, with 0.0048 PGain, and 1.0 V set point through the NanoWizard control. The cantilever 

was an HYDRA6V-100NG-10 probe with low-stress SiN and a V-shaped silicon tip. The rough 

data were converted to graphical information using a Nanoanalyzer software of the instrument. 

AFM imaging of live cells was performed in complete cell culture media (DMEM + 10% FBS). 

Fresh media reinject every 20 minutes. The temperature of the imaging solution and plate was kept 

at 37 °C by heating the plate holder. 

2.4. Preparation of the cells for AFM microscopy in air condition. 

2.4.1. Fixation of the cells in the air. 

WCH-17 cells were cultured on 65 × 15 mm cell culture Petri dishes in DMEM enriched 

with 10% FBS and 1% penicillin/streptomycin at 37 °C in 5% CO2. After 24 h cell, the culture 

medium was removed, and the Petri dish was washed with Phosphate-buffered saline (PBS) 3 

times. Then let it dry and fixed overnight in the air at room temperature.  
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2.4.2. Fixation of the cells with liquid nitrogen. 

WCH-17 cells were cultured on 65 × 15 mm cell culture Petri dishes in DMEM enriched 

with 10% FBS and 1% penicillin/streptomycin at 37 °C in 5% CO2. After 24 h cell, the culture 

medium was removed, and the petri dish was washed with Phosphate-buffered saline (PBS) 3 

times. Then add some liquid nitrogen to the Petri dish, giving it time to evaporate completely. 

Further, cells were fixed. 

2.4.3. AFM set-up for microscopy of the cells in air condition. 

Atomic force microscopy of the fixed cells was operated via contact mode using a JPK-

AFM instrument. The microscope was set at 150 Hz IGain, with 0.0048 PGain, and 1.0 V set point 

through the NanoWizard control. An N-type ACTA-10 probe from silicon with 0.01-0. 025 Ω/cm 

was used for the experiment in air condition. Also, the rough data were converted to graphical 

information using the Nanoanalyzer software of the instrument. 

3. Results and Discussion 

3.1. Morphological confirmation of cell line. 

The morphology of cells was investigated and confirmed with an inverted microscope of 

AFM. The cell's shape was the same at two concentrations and was similar to the previous report 

(Figure 2) [31]. 

 
Figure 2. Morphological studies of WCH-17 cells in two congestions by inverted microscope at actual 

magnification 100×. (a) Plating 500 µL of cell suspension vs. (b) plating 50 µL of cell suspension in a cell culture 

plate. Images were recorded after 24 h. 

3.2. AFM imaging analysis of live cells in physiological conditions. 

The AFM analysis of a single WCH-17 live cell in liquid condition showed a smooth and 

uniform surface, and the overall shape of the cell was similar to that inverted microscope one. 

Cells are approximately about 25 µm. The micrographs are shown in Figure 3. 

 

a b 
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Figure 3. AFM image of live WCH-17 cells in physiological condition on intermittent contact (fluid) mode. Left: 

Representative AFM height measured-trace image. Right: Representative AFM error-trace image. 

3.3. AFM imaging analysis of air-fixed cells. 

AFM micrographs of air-fixed WCH-17 cells showed that the smooth texture of the cells' 

surface got changed. They had protrusions and depressions that are recognizable in the images 

shown in Figure 4. The main shape of the cell also changed. Other parameters, including surface 

roughness, were recorded (Table 1). Micrographs represent that surface roughness was increased 

compared with live cells. Additionally, cell size decreased when it was fixed. 

 
Figure 4. AFM image and micrograph of air-fixed WCH-17 cell on contact mode(left) and live WCH-17 cell 

(right). Note: the scan ranges are different. The AFM image scan range of fixed cell is 60 µm, and the AFM image 

scan range of live cell is 80 µm 

3.4. AFM imaging analysis of Liquid N2 fixed cells. 

The AFM analysis of Liquid N2 fixed WCH-17 cells revealed a topographically vacuolated 

cell's surface again, but more obvious protrusions and depressions in comparison with the fixed 

cells under air conditions. N2 Fixed cell morphology also changed from a curved triangle to a 

circular shape. Micrographs also showed increased surface roughness compared with live cells 

(Table 1) (Figure 5). 
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Figure 5. AFM images and micrograph of WCH-17 fixed cells with N2 on contact mode (left) and live WCH-17 cell 

(right). Note: the scan ranges are different. The AFM image scan range of fixed cell is 60 µm, and the AFM image 

scan range of live cell is 80 µm. 

4. Discussion 

AFM was invented in 1986 [1], and it could advance the state of the sciences (such as 

physics, chemistry, biology, and medicine) through the history of nanotechnology. This 

microscope contours a surface by balancing the forces between a probe tip and the surface. This 

microscope began to be adapted to work over a wide range of temperatures and in any 

environment. The ability to probe surfaces with exceptional signal-to-noise ratio at the sub-

nanometer scale has led to the development of a wide range of AFM-related measurements that 

use a variety of probes to sense local interactions and manipulate matter. The flexibility of AFM 

for imaging, probing, and manipulating materials has made it the most versatile tool in 

nanotechnology. The possibility of working in liquid media and at room temperature has pushed 

this microscope into biology, leading to the analysis of biomolecules and cells at (sub)nanometer 

scale [32-37]. Using conventional AFM also has limitations. Although AFM can be applied in 

liquid conditions, it may damage the biological samples by tip movement while scanning the 

specimens. Nevertheless, AFM results are strong, reliable data to identify surfaces for biological 

research. 

Our study used AFM imaging for live and fixed WCH-17 cell characterization and cell 

surface changing while cells were fixed in air and liquid conditions. In physiological conditions, 

AFM imaging of live cells revealed that the morphology of cells is in agreement with previous 

reports [31]. In contrast, AFM images of fixed cells in both air and liquid N2 conditions showed 

total changes in shape. In chemical fixation methods, there is a possibility of interaction with the 

cell membrane and loss of the original morphology and topology of the cell [16]. While the 

methods we used minimizes these interactions. 
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Another characteristic that was measured was surface roughness which increased in fixed 

cells (Table 1). Increasing roughness in air-fixed cells was more than in the liquid N2-fixed ones. 

The observed variation in roughness may be related to different fixation methods, in agreement 

with L.W. Francis et al. report [16]. 

Table 1. Parameters measured by AFM in live, air-fixed, and N2 liquid-fixed cells. 
Parameter Live cell Air fixed cell Liquid N2 fixed cell 

Average Roughness Ra (nm) 154.8 346.6 189.4 

RMS Roughness Rq (nm) 203.4 491.4 270.0 

Peak-to-Valley Rt (nm) 805.3 2306 1362 

Length (µm) 26.1 17.4 16.6 

Width (µm) 16.4 10.9 12.2 

Thickness (µm) 0.8 1.8 1.0 

We used intermittent contact mode (tapping mode) in the present study for imaging live 

cells in physiological conditions. Contact mode can damage or deform the biological samples [23], 

so the original data may have been missed. There was some limitation in our AFM technique. It is 

very difficult to record a high-resolution image of live cells under physiological conditions, in a 

liquid environment, with conventional AFM. The cell membrane is dynamic in physiological 

conditions when cells are live and may change during the recording of one image to the next from 

the same area (back and forth scanning), which takes several minutes. Therefore, the second scan 

of an area of the plate, which reduces noise and raises resolution, was not possible. This problem 

may have been solved by design and using modified tips [28].  

However, the AFM study of live cells in their physiological state is a very powerful and 

remarkable technique in determining superficial nanodegradation, including in the diagnosis of 

cancers, in determining the biological pathways of diseases that depend on cell surface receptors 

(38), and the effect of chemical drugs on microorganisms [6,39]. 

4. Conclusions 

AFM has played an increasingly important role in cell imaging and the study of the 

mechanical properties of cells. Despite recent development in AFM techniques, there are still many 

problems to be solved before the application of AFM technology can be fully realized in action 

(for example, in the diagnosis of cancer). On the other hand, using AFM for biological purposes 

like live cell imaging has some limitations. For example, the sample may be mobilized in liquid 

condition or destroyed by tip movement. Despite all the limitations, AFM characterization is 

valuable nanoscopic data to investigate biomolecule properties. Cell surface changes are a valuable 

trace in detecting cellular mechanisms in the face of other substances (for example, biomolecules 

to synthetic nanomaterials). In this respect, AFM can be considered the most powerful method for 

cellular studies. 

Funding 

This research was supported by the Mazandaran University of medical sciences 

 

https://doi.org/10.33263/BRIAC135.475
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.475  

 https://biointerfaceresearch.com/  8 of 10 

 

Acknowledgments 

The authors thank the Research Central Laboratory of the Vice-chancellor of Research and 

Technology at Mazandaran University of Medical Sciences for using the AFM instrument. Also, 

this study was supported by Mazandaran University of Medical Sciences. 

Conflicts of Interest 

The authors declare that there are no conflicts of interest in this study. 

References: 

1. Joshi, I.; Vanessa Homburg, S.; Ehrmann, A. Atomic force microscopy (AFM) on biopolymers and hydrogels for 

biotechnological applications: possibilities and limits. Polymers 2022, 14, 1267, 

https://doi.org/10.3390/polym14061267.  

2. Kubota, R.; Tanaka, W.; Hamachi, I. Microscopic imaging techniques for molecular assemblies: electron, atomic 

force, and confocal microscopies. Chem. Rev. 2021, 121, 14281-14347, 

https://doi.org/10.1021/acs.chemrev.0c01334.  

3. Müller, D.J.; Helenius, J.; Alsteens, D.; Dufrêne, Y.F. Force probing surfaces of living cells to molecular 

resolution. Nat Chem Biol 2009, 5, 383-390, https://doi.org/10.1038/nchembio.181.  

4. Scheuring, S.; Sturgis, J. N. Chromatic adaptation of photosynthetic membranes. Science 2005, 309, 484-487, 

https://doi.org/10.1126/science.1110879.  

5. Rafati, A.; Gill, P. Ultrastructural characterizations of DNA nanotubes using scanning tunneling and atomic force 

microscopes. J Microscop Ultrastruct 2016, 4, 1-5, https://doi.org/10.1016/j.jmau.2015.08.001.  

6. Shokri, A.; Fakhar, M.; Emami, S.; Gill, P.; Akhtari, J. Ultrastructural investigation of Leishmania major 

promastigotes treated with a new potent antileishmanial azole using scanning electron and atomic force 

microscopes. Recent Pat Antiinfect Drug Discov 2018, 13, 246-255, 

https://doi.org/10.2174/1574891X13666180918121628  

7. Rahimzadeh, G.; Gill, P.; Rezai, MS. Ultrastructural characteristics of methicillin resistant Staphylococcus aureus 

cell wall after affecting with lytic bacteriophages using atomic force microscopy. Iran J Basic Med Sci 2019, 22, 

290, https://doi.org/10.22038%2Fijbms.2019.31226.7521.  

8. Corin, K.; Bowie, J.U. How physical forces drive the process of helical membrane protein folding. EMBO Rep 

2022, 23, e53025. https://doi.org/10.15252/embr.202153025.  

9. Williams, P.M.; Fowler, S.B.; Best, R.B.; Toca-Herrera, J.L.; Scott, K.A.; Steward, A.; Clarke. J. Hidden 

complexity in the mechanical properties of titin. Nature 2003, 422, 446-449, https://doi.org/10.1038/nature01517.  

10. Korayem, M.H.; Panahi, P.; Khaksar, H. Studying and simulation of ellipsoidal contact models for application in 

AFM nano manipulation, Micron 2021, 140, 102960, https://doi.org/10.1016/j.micron.2020.102960.  

11. Viljoen, A.; Mathelié-Guinlet, M.; Ray, A.; Strohmeyer, N.; Oh, Y.J.; Hinterdorfer, P.; Müller, D.J.; Alsteens, 

D.; Dufrêne, Y.F. Force spectroscopy of single cells using atomic force microscopy. Nat Rev Methods Primers 

2021, 23, 1-24, https://doi.org/10.1038/s43586-021-00062-x.  

12. Liang, W.; Shi, H.; Yang, X.; Wang, J.; Yang, W.; Zhang, H.; Liu, L. Recent advances in AFM-based biological 

characterization and applications at multiple levels. Soft Matter. 2020, 16, 8962-8984, 

https://doi.org/10.1039/D0SM01106A.  

13. Garcia, P.D., Guerrero, C.R., Garcia, R. Nanorheology of living cells measured by AFM-based force–distance 

curves. Nanoscale 2020, 12, 9133-9143, https://doi.org/10.1039/C9NR10316C.  

14. Benech, J.C.; Romanelli, G. Atomic force microscopy indentation for nanomechanical characterization of live 

pathological cardiovascular/heart tissue and cells. Micron 2022, 158, 103287, 

https://doi.org/10.1016/j.micron.2022.103287.  

15. Dufrêne, Y.F.; Viljoen, A.; Mignolet, J.; Mathelié‐Guinlet, M. AFM in cellular and molecular microbiology. Cel 

Microbiol 2021, 23, e13324, https://doi.org/10.1111/cmi.13324.  

https://doi.org/10.33263/BRIAC135.475
https://biointerfaceresearch.com/
https://doi.org/10.3390/polym14061267
https://doi.org/10.1021/acs.chemrev.0c01334
https://doi.org/10.1038/nchembio.181
https://doi.org/10.1126/science.1110879
https://doi.org/10.1016/j.jmau.2015.08.001
https://doi.org/10.2174/1574891X13666180918121628
https://doi.org/10.22038%2Fijbms.2019.31226.7521
https://doi.org/10.15252/embr.202153025
https://doi.org/10.1038/nature01517
https://doi.org/10.1016/j.micron.2020.102960
https://doi.org/10.1038/s43586-021-00062-x
https://doi.org/10.1039/D0SM01106A
https://doi.org/10.1039/C9NR10316C
https://doi.org/10.1016/j.micron.2022.103287
https://doi.org/10.1111/cmi.13324


https://doi.org/10.33263/BRIAC135.475  

 https://biointerfaceresearch.com/  9 of 10 

 

16. Hall, D.; Foster, A.S. Practical considerations for feature assignment in high-speed AFM of live cell membranes. 

Biophys Physicobiol 2022, 19, e190016, https://doi.org/10.2142/biophysico.bppb-v19.0016.  

17. Ando, T. Biophysical reviews top five: atomic force microscopy in biophysics. Biophys Rev 2021, 13, 455-458, 

https://doi.org/10.1007/s12551-021-00820-x..  

18. Ando, T.; Uchihashi, T.; Fukuma, T. High-speed atomic force microscopy for nano-visualization of dynamic 

biomolecular processes Prog Surf Sci 2008, 83, 337-437, https://doi.org/10.1016/j.progsurf.2008.09.001.  

19. Puppulin, L.; Kanayama, D.; Terasaka, N.; Sakai, K.; Kodera, N.; Umeda, K.; Sumino, A.; Marchesi, A.; Weilin, 

W.; Tanaka, H.; Fukuma, T.; Suga, H.; Matsumoto, K.; Shibata, M. Macrocyclic peptide-conjugated tip for fast 

and selective molecular recognition imaging by high-speed atomic force microscopy. ACS Appl Mater Interfaces 

2021 13, 54817–54829, https://doi.org/10.1021/acsami.1c17708.  

20. Giessibl, F.J. Probing the nature of chemical bonds by atomic force microscopy. Molecules 2021, 26, 4068, 

https://doi.org/10.3390/molecules26134068.   

21. Wei An, R.; Laaksonen, A.; Wu, M.; Zhu, Y.; Shah, F.U.; Lu, X.; Ji, X. Atomic force microscopy probing 

interactions and microstructures of ionic liquids at solid surfaces. Nanoscale 2022, 14, 11098-11128, 

https://doi.org/10.1039/d2nr02812c.   

22. Tsugawa, S.; Yamasaki, Y.; Horiguchi, S.; Zhang, T.; Muto, T.; Nakaso, Y.; Ito, K.; Takebayashi, R.; Okano, K.; 

Akita, E.; Yasukuni, R.; Demura, T.; Mimura, T.; Kawaguchi, K.; Hosokawa, Y. Elastic shell theory for plant 

cell wall stiffness reveals contributions of cell wall elasticity and turgor pressure in AFM measurement. Sci Rep 

2022, 12, 13044, https://doi.org/10.1038/s41598-022-16880-2.   

23. Charras, G.T.; Lehenkari, P.P.; Horton, M.A. Atomic force microscopy can be used to mechanically stimulate 

osteoblasts and evaluate cellular strain distributions. Ultramicroscopy 2001, 86, 85-95, 

https://doi.org/10.1016/S0304-3991(00)00076-0.  

24. Kolb, P.; Schundner, A.; Frick, M.; Gottschalk, K.E. In vitro measurements of cellular forces and their importance 

in the lung-from the sub- to the multicellular scale. Life (Basel) 2021, 11, 691, 

https://doi.org/10.3390/life11070691.  

25. Leporatti, S.; Gerth, A.; Köhler, G.; Kohlstrunk, B.; Hauschildt, S.; Donath, E. Elasticity and adhesion of resting 

and lipopolysaccharide-stimulated macrophages. FEBS letters 2006, 580, 450-454, 

https://doi.org/10.1016/j.febslet.2005.12.037.  

26. Butt, H.J.; Cappella, B.; Kappl, M. Force measurements with the atomic force microscope: Technique, 

interpretation and applications. Surf Sci Rep 2005, 59, 1-52, https://doi.org/10.1016/j.surfrep.2005.08.003.  

27. Matsuura, S.; Balduini, A.; Onisto, M. Editorial: Mechanisms of Cell Adhesion in Hematopoietic Stem Cells. 

Front Cell Dev Biol 2021, 9, 826554, https://doi.org/10.3389/fcell.2021.826554.   

28. Shibata, M.; Uchihashi, T.; Ando, T.; Yasuda, R. Long-tip high-speed atomic force microscopy for nanometer-

scale imaging in live cells. Sci Rep 2015, 5, 1-7, https://doi.org/10.1038/srep08724.  

29. Deng, X.; Xiong, F.; Li, X.; Xiang, B.; Li, Z.; Wu, X.; Guo, C.; Li, X.; Li, Y.; Li, G.; Xiong, W. Application of 

atomic force microscopy in cancer research. J Nanobiotechnol 2018, 16, 102, https://doi.org/10.1186/s12951-

018-0428-0.  

30. Iturri, J.; Toca-Herrera, J.L.Characterization of cell scaffolds by atomic force microscopy. Polymers 2017, 9, 383, 

https://doi.org/10.3390/polym9080383.  

31. Salem, N.; Kuang, Y.; Corn, D.; Erokwu, B.; Kolthammer, J.A.; Tian, H.; Wu, C.; Wang, F.; Wang, Y.; Lee, Z. 

[(Methyl) 1-11 C]-acetate metabolism in hepatocellular carcinoma. Mol Imag Biol 2011, 13, 140-151, 

https://doi.org/10.1007/s11307-010-0308-y.  

32. Drake, B.; Prater, C.B.; Weisenhorn, A.L.; Gould, S.A.; Albrecht, T.R.; Quate, C.F.; Cannell, D.S.; Hansma, 

H.G.; Hansma, P.K. Imaging crystals, polymers, and processes in water with the atomic force microscope. Science 

1989, 243, 1586-1589, https://doi.org/10.1126/science.2928794.  

33. McCraw, M.; Uluutku, B.; Solares, S. Linear viscoelasticity: review of theory and applications in atomic force 

microscopy. Rep Mech Eng 2021, 2, 156-179, https://doi.org/10.31181/rme200102156m.   

34. Hoerber, J.H.; Miles, M.J. Scanning probe evolution in biology. Science 2003, 302, 1002-1005, 

https://doi.org/10.1126/science.1067410.  

35. Binnig, G.; Rohrer, H. In touch with atoms. In More Things in Heaven and Earth, Springer, New York, NY. 1999, 

543-554, https://doi.org/10.1007/978-1-4612-1512-7_35.  

https://doi.org/10.33263/BRIAC135.475
https://biointerfaceresearch.com/
https://doi.org/10.2142/biophysico.bppb-v19.0016
https://doi.org/10.1007/s12551-021-00820-x
https://doi.org/10.1016/j.progsurf.2008.09.001
https://doi.org/10.1021/acsami.1c17708
https://doi.org/10.3390/molecules26134068
https://doi.org/10.1039/d2nr02812c
https://doi.org/10.1038/s41598-022-16880-2
https://doi.org/10.1016/S0304-3991(00)00076-0
https://doi.org/10.3390/life11070691
https://doi.org/10.1016/j.febslet.2005.12.037
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.3389/fcell.2021.826554
https://doi.org/10.1038/srep08724
https://doi.org/10.1186/s12951-018-0428-0
https://doi.org/10.1186/s12951-018-0428-0
https://doi.org/10.3390/polym9080383
https://doi.org/10.1007/s11307-010-0308-y
https://doi.org/10.1126/science.2928794
https://doi.org/10.31181/rme200102156m
https://doi.org/10.1126/science.1067410
https://doi.org/10.1007/978-1-4612-1512-7_35


https://doi.org/10.33263/BRIAC135.475  

 https://biointerfaceresearch.com/  10 of 10 

 

36. Müller, D.J.; Dufrene, Y.F. Atomic force microscopy as a multifunctional molecular toolbox in 

nanobiotechnology. Nanosci Technol 2010, 269-277, https://doi.org/10.1142/9789814287005_0028  

37. Müller, D.J.; Dufrêne, Y.F. Atomic force microscopy: a nanoscopic window on the cell surface. Trends Cell Biol 

2011, 21, 461-469, https://doi.org/10.1016/j.tcb.2011.04.008.  

38. Dufrêne, Y.F.; Ando, T.; Garcia, R.; Alsteens, D.; Martinez-Martin, D.; Engel, A.; Gerber, C.; Müller, D.J. 

Imaging modes of atomic force microscopy for application in molecular and cell biology. Nat Nanotechnol 2017, 

12, 295-307, https://doi.org/10.1038/nnano.2017.45.  

39. Li, M.; Liu, L.Q.; Xi, N.; Wang, Y.C. Nanoscale monitoring of drug actions on cell membrane using atomic force 

microscopy. Acta Pharmacol Sin 2015, 36, 769-782, https://doi.org/10.1038/aps.2015.28.  

 

https://doi.org/10.33263/BRIAC135.475
https://biointerfaceresearch.com/
https://doi.org/10.1142/9789814287005_0028
https://doi.org/10.1016/j.tcb.2011.04.008
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1038/aps.2015.28

