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Atomic force microscope (AFM) is one of the most important tools in the field of biomedical science, which can be used to 

perform the high-resolution three-dimensional imaging of samples in a liquid environment and obtain their physical 

properties (such as surface potentials and mechanical properties). The influence of the liquid environment on the image 

quality of the sample and the detection results cannot be ignored. In this work, the QI mode AFM imaging and mechanical 

detections were performed on mouse brain microvascular endothelial (bEnd.3) cells in different liquid environments. The 

gray-level variance product (SMD2) function was used to evaluate the imaging quality of the cells in liquids with different 

physical properties, and the variations in cell mechanical properties were quantitatively analyzed. We introduced an AFM 

detection liquid containing less ions and organics, compared with the traditional culture medium, it is beneficial to 

improve the imaging quality, and have the similar mechanical detection results within three hours (3 h). It can greatly save 

the detection costs, and has positive significance in the AFM living cell detection. 

1. Introduction 

AFM is able to flexibly conduct the experiments in different 

situations (such as ambient air, vacuum and liquid 

environment). Liquid AFM has unprecedented temporal and 

spatial resolution (nanometer spatial resolution1 and 

millisecond temporal resolution2) and its ability to acquire 

images in liquids has broadly expanded the scope of 

experimental design. These characteristics make liquid AFM 

have in situ advantages when detecting biological samples 

compared to other techniques (such as electron microscopy).3-

4 It is known that biological processes are carried out in a liquid 

environment. Using AFM to detect living cells under near-

physiological conditions can characterize the surface 

morphology and the basic structure of cells, observe some 

dynamic physiological and chemical reactions. Therefore, real-

time monitoring of the specific effects of drugs on living cells 

can be achieved, and it can provide intuitive evidences for 

studying the mechanism of drug action.5-6 

AFM morphological imaging can visualize the fine structure 

of a single living cell,7-10 achieve size measurement of 

nanoparticles,11 and observe the influence of antibacterial 

agents on the microbial cell morphology12 and the dynamic 

process at the molecular level13. Liquid AFM has been used in 

situ to study the effects of different liquid environments, such 

as adjusting pH or ion concentrations to investigate the nano-

scale changes on the sample surface.4,14 Electrostatic 

interaction significantly affects the AFM measurement of 

biomolecules14. The van der Waals force and electrostatic 

interaction between the tip and the sample can be balanced 

by adjusting the pH and the ionic strength of the buffer 

solution.15-16 Imaging in liquid environments can reduce or 

eliminate capillary and van der Waals forces between the tip 

and the sample.17-18 Samples observed in different 

environments may show different morphologies and 

structures. For example, bacteria imaged in the liquid have a 

smooth surface, but they show different structures in air.19 

Performing AFM experiments in a liquid environment is 

beneficial to improve the imaging resolution. Liquid imaging 

can reduce sample interference and minimize or prevent the 

damage due to the tip-surface shear forces. In the tapping 

mode, due to the reduction of the sample contact time, the 

vertical force is decreased, while the lateral force is almost 

ignored, which can reduce the sample damage and the image 

blur, improve the imaging quality.20 When a researcher needs 

to obtain the imaging and mechanical properties of the sample 

via the AFM working in the classical modes (contact and 

tapping mode), two different experiments must be performed 

separately. However, switching from one mode to another, the 

correlation between the localization of mechanical properties 

and the image may be lost.21-22 When an AFM in the QI mode 

is imaging biological samples, a whole force curve is measured 

at every pixel of the selected sample region simultaneously, 

which solves this problem well and also makes it common to 

be used for the detection of the characteristics of living cells.23-
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24 By adjusting the physical parameters of the liquid medium, 

high-quality nano-processing based on AFM can be achieved.25 

Liquid AFM is a necessary method to image and manipulate 

the biological specimens, and has become an indispensable 

tool in biomedical research.26 As the application of liquid 

media in AFM operations becomes more extensive, the 

influence of different liquids on AFM cell detection becomes 

unignorable. However, there are few related reports in this 

part. When using an AFM to detect cells, the cell culture 

medium mixed serum is usually used as the cell detection 

liquid. Commercial cell culture media contains a variety of 

inorganic salt ions, proteins, amino acids, glucose, hormones 

and other substances, which can meet the growth and 

metabolism needs of cells but are not conducive to AFM high-

quality cell imaging and mechanical detection. 

 In this work, different liquids are selected as the 

environment for AFM detection to investigate the effects of 

different liquid physical environments on the imaging quality 

and the mechanical detection of bEnd.3 cells. We introduce a 

cell detection liquid, which can improve the quality of AFM cell 

imaging and provides similar mechanical detection results 

compared with the cell culture medium. This work provides 

the support for the study of liquid media and has significance 

for the study of the structure and function of biological cells. 

2. Materials and methods 

2.1 Physics principles 

When a liquid AFM is in the scanning process, the drag force Fd 

exerted by the liquid on the probe can be expressed as: 27-28 

𝐹𝑑 =
4𝜋𝜂𝐿𝜈

log(
7.4

𝑅𝑒
)
                                                 (1) 

𝜂 is the solution viscosity, L is the length of the cantilever, ν is 
the velocity of the probe movement, and 𝑅𝑒 is the Reynolds 
number. When the probe cantilever is approaching to the cell 
surface, the squeezing force Fs applied on the probe is:28-29 

𝐹𝑠 =
3

8
𝜂𝜈𝐿 (

1

𝑆
)

3
                                             (2) 

S is the normalized gap, which is the ratio of the cantilever-
sample height to the cantilever width. When the probe is 
scanning laterally, shear force and friction force are also 
applied to the probe cantilever. Here the friction force is 
regarded as the sum of the shear stress and the loading force 
(Fn). Then, the comprehensive force FC exerted on the 
cantilever can be expressed as:30 

𝐹𝐶 = 𝜂𝐿𝜈𝑥 [
4𝜋

35 log(
7.4

𝑅𝑒
)

+
3

4
+

1

𝑆
] + (

𝜂𝜈𝑥𝐴𝑡

𝐻−𝐻𝑡𝑖𝑝
+ 𝛼𝐹𝑛)                 (3) 

The transition parameter 𝛼 is a dimensionless coefficient in the 
range of 0-1.16. (𝐻 − 𝐻𝑡𝑖𝑝) refers to the tip-sample distance. 

Htip is the tip height. At is the tip contact area. 

The tip-sample interactions can be regulated by changing 
the liquid composition. It can be approximated as:31 

𝐹𝑒𝑙 = 𝑔𝑘𝜎𝑡𝜎𝑠𝑒−𝑘𝑧 + 𝑔2𝑘(𝜎𝑡
2 + 𝜎𝑠

2)𝑒−2𝑘𝑧                      (4) 

where the constant gk is affected by the tip shape. The 
constant g2k is influenced by the dielectric properties of the 
liquid. 𝜎𝑡  is the tip surface charges. 𝜎𝑠 is the sample surface 
charges. z is the tip-sample distance, 𝑘−1 is the Debye 
screening length:32 

𝑘−1 = √
𝜀0𝜀𝑏𝑘𝐵𝑇

2𝑒2𝐼
                                            (5) 

where 𝜀0  is the vacuum permittivity. 𝜀𝑏  is the liquid 
permittivity. 𝑘𝐵 is the Boltzmann’s constant. T presents the 
Kelvin temperature. I is the ionic strength of the liquid, which 
can be expressed as:32 

𝐼 =
1

2
∑ 𝑧𝑖

2𝑐𝑖𝑖                                                    (6) 

Where 𝑧𝑖 is the valence of ion 𝑖. 𝑐𝑖 is the concentration of ion 𝑖. 

2.2 Preparation of experimental liquids 

In the experiment, the cell detective liquids contain three 

experimental groups and one control group. The experimental 

groups include phosphate-buffered saline (PBS), fetal bovine 

serum (FBS, Gibco), and potassium chloride with glucose 

injection (KCl+GS). RPMI-1640 with 10% FBS is the control 

group. RPMI-1640 and PBS are selected from HyClone. 10X 

concentrated PBS is used for preparing the PBS detective liquid. 

It is diluted 10 times with deionized water. The main 

ingredients are NaCl, Na2HPO4.12H2O, KCl, and KH2PO4. 

Potassium chloride (10%) and glucose injection (5%) are 

purchased from the People's Hospital of Jilin Province. 5% GS 

and deionized water were made into 2.5% GS according to 1:1, 

and then 10% KCl and 2.5% GS were made into the cell 

detective liquid of experimental group according to 3:100 (KCl 

is at the concentration of 3.0 mg/ml).  

2.3 Cell culture 

The cover glass (18 mm×18 mm) was placed in a petri dish (38 

mm diameter), and then the bEnd.3 cells were planted on it at 

the density of 1×104 cells/ml. RPMI-1640 with 10% FBS was 

used as the culture medium. Cells need to be cultured in a 

constant temperature incubator containing 5% CO2 at 37 °C for 

24 h. 

2.4 Sample preparation 

After 24 h incubation, the culture medium was discarded. The 

bEnd.3 cells were gently rinsed with PBS to remove the cell 

metabolites and unbound cells. 2 ml of the culture medium 

was added to each group of cells for AFM detection. After that, 

they were placed in air at 25 °C (consistent with the AFM 

detection environment) for 3 h and then used for optical 

imaging 

2.5 MTT assay 

After the cells were seeded in a 96-well plate (5.0×103 

cells/well) and cultured for 24 h, the medium was replaced 

with the detective liquids (10 replicate wells for each group). 

The 96-well plate was placed in an air environment at 25 °C for 

3 h, then 20 μl of MTT solution (5 mg/ml) was added to each 

well, and continued to culture in the incubator for 4 h. The 

solution was discarded, and 150 μl of dimethyl sulfoxide 

(DMSO) was added to each group well. Then a shaker was used 
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to shake the 96-well plate for 10 min to fully dissolve the blue-

violet formazan crystals. Optical density (O.D) was obtained via 

a microplate reader at the wavelength of 498 nm. 

3. Results and discussion  

3.1 The influence of different liquids on AFM imaging quality 

In this work, an AFM (JPK NanoWizard 3 BioScience) was used 

in the QI mode in liquid for the cell morphological imaging and 

the mechanical detection. The probe with a quadrangular 

pyramidal tip was purchased from Burker AXS (DNP-10, with 

the spring constant of 0.06 N/m, tip radius of 20 nm, and 

height of 5 μm). The thermal noise method was used to 

calibrate the spring constant of cantilever before the AFM 

detection. After the calibration, the cantilever spring constant 

was 0.058 N/m, the setpoint was 2 nN and the frequency of 

scanning was 0.8 Hz. AFM was running at the room 

temperature (25°C). JPK data processing (JPK Instrument, 

Berlin, Germany) software was used for the image and the 

force data processing. 

 

Fig. 1 SEM images of the AFM probe cantilever contamination after being immersed in 

different liquids for 3 h. SEM was working at the high vacuum mode (5000× 

magnification, spot: 3.0, HV: 3.00 kv, chamber pressure: 6.72 e-4 Pa). 

In the experiment, the scanning electron microscope (SEM; 

Quanta 250, FEI) was used to image the probe to observe its 

contamination. Fig. 1 shows the SEM images of the AFM probe 

(Budget Sensor, ContAl-G) after immersing in different liquids 

for 3 h. The probes have different degrees of adsorption. The 

most liquid component adsorption appears on the probe 

cantilever in PBS (Fig. 1a). In RPMI-1640+10% FBS, there are a 

small amount of stains on the cantilever (Fig. 1b). The film 

formed by serum components such as organic molecules can 

be clearly observed on the probe cantilever in FBS (Fig. 1c). But 

in KCl+GS, the probe cantilever keeps basically clean (Fig. 1d). 

The SEM images indicate that the KCl+GS has the least 

contamination to the probe.  

 
Fig. 2 AFM morphological images of bEnd.3 cells in PBS (a), RPMI-1640+10% FBS (b), 

FBS (c), and KCl+GS (d) in the QI mode. The scanning range is 60 μm× 60 μm. 

Fig. 2 shows the AFM morphological images of the cells in 

the experimental groups and the control group with the same 

scanning parameters. The four groups of cells all present a 

long and narrow shape. The cell lamellipodium in KCl+GS (Fig. 

2d) stretches well on the substrate, which is similar to the one 

of the control cells (Fig. 2b), The edge of the cell in PBS is 

irregular, and the lamellipodium appears to be contracted. The 

imaging of the cell in FBS is blurred, and visible impurities can 

be seen in the liquid. Various serum products (FBS, horse 

serum etc.) contain cholesterol, proteins, inorganic minerals 

and other substances, which easily lead to the formation of 

precipitates. These precipitates will have a negative impact on 

the AFM scanning and imaging. In order to quantify the 

imaging quality in different liquid environments, a quality 

assessment on the images was performed. 

The resolution of AFM scanning image is an important index 

parameter to measure the quality of AFM image. SMD2 is a 

commonly used fast and high-sensitivity image sharpness 

evaluation function. The image SMD2 value is positively 

correlated with the image quality. It is defined as follows:33  

𝐷(𝑓) = ∑ ∑ |𝑓(𝑥, 𝑦) − 𝑓(𝑥 + 1, 𝑦)| × |𝑓(𝑥, 𝑦) − 𝑓(𝑥, 𝑦 + 1)|𝑥  𝑦         (7) 

where f(x,y) is the pixel value at the point (x,y) in the image. 

The SMD2 function was used to evaluate the AFM images 

quality, as shown in Fig. 3. The SMD2 values of the AFM 

morphological images of the cells corresponding to Fig. 2 are 

501112 (PBS), 311154 (RPMI-1640+10% FBS), 280327 (FBS), 

and 610179 (KCl+GS) in sequence. The image quality of the cell 

in KCl+GS is the best of them. We have made statistics on the 

AFM imaging quality of each group of cells, and the results are 

as follows: SMD2 for the cell imaging in PBS is 527042.4±39335, 

in RPMI-1640+10% FBS is 377196.2±39177, in FBS is 

296589.6±39829, and in KCl+GS is 548855.8±50123. The trend 

of SDM2 is the same as before, and the image quality of 

KCl+GS and PBS are significantly better than the rest two 
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groups which contain FBS. When the liquid media contain the 

serum, the force change between the tip and the sample 

caused by the kinematic viscosity of the fluid will affect the 

quality of AFM imaging. Serum will significantly increase the 

viscosity and concentration of the liquid,30 which is consistent 

with the imaging quality evaluation results. 

 

Fig. 3 AFM imaging quality evaluation curves of bEnd.3 cells in different liquids. 

AFM test liquid should not only make the imaging quality as 

high as possible, but also maintain physical characteristics and 

viability of the cells during the detection process. We used the 

optical mode of Nikon microscope (Nikon ECLIPSE Ti) to obtain 

the optical images of cells. Fig. 4 shows the optical images of 

the 4 group cells after exposing to air for 3 h. Most of the cells 

in the control group adhere well, and the cell has a long and 

narrow shape (Fig. 4b). Significant shrinkage of the cells can be 

observed in PBS (Fig. 4a), and the middle part of the cells 

changes into round. Some unbound cells are visible in the 

liquid. In FBS and KCl+GS, the cell morphology slightly shrinks, 

and a few unbound cells can be seen (Figs. 4c-d). Under the 

experimental conditions of this work, FBS and KCl+GS are 

better than PBS in maintaining cell morphology and activity. 

Serum contains growth factors to promote cell growth, and 

glucose is the major carbon and energy source for cell 

growth.34-35 Potassium ion is the most abundant cation in the 

cell. There is a sodium-potassium pump on the cell membrane, 

which pumps sodium ions out of the cell and pumps potassium 

ions into the cell.36 The results show that the appropriate 

concentration of potassium ions in the liquid can maintain cell 

viability and keep the volume of the cell in a short period of 

time (according to the experimental results, the time is less 

than 3 h, and the concentration of KCl is 3 mg/ml). 

 

Fig. 4 The optical images at 40× magnification of bEnd.3 cells in PBS (a), RPMI-1640+10% 

FBS (b), FBS (c) and KCl+GS (d) after 3 h exposure to air. 

Early studies have shown that the cell shrinkage and the 

average roughness is closely related to the cell viability.37-38 

During the process of drug-induced apoptosis, the average 

roughness of the cell membrane surface will also increase.39-41 

We selected 10 μm×10 μm from each cell surface for the RMS 

roughness measurement. The statistics about the influence of 

different liquids on the average roughness of the cell surface 

are shown in Fig. 5a. The cells in PBS (675.93±119.36 nm) is 

the largest of all. The control group is the smallest at 

463.92±51.96 nm. The average surface roughness of the cells 

in FBS and KCl+GS are relatively close and both slightly larger 

than the one of the control group (564.70±56.05 nm for FBS 

and 580.12±86.23 nm for KCl+GS). As shown in the optical 

images (Fig. 4), the cell viability in PBS is weak, while the rest 

experimental groups are more similar with the control group. 

In order to verify this point, MTT assay was performed as 

shown in Fig. 5b. Optical density (O.D) reflects the cell activity. 

The O.D value of the control group is 0.62±0.07. It is the 

largest one in all the groups. The O.D value of cells in PBS is the 

smallest, which is 0.35±0.03. The one for FBS is 0.48±0.05 and 

0.51±0.07 for KCl+GS. The results further illustrate that PBS is 

not conducive to maintain the cell viability, which is consistent 

with the previous work. FBS and KCl+GS can maintain good cell 

viability as the RPMI-1640 with 10% FBS. 

 
Fig. 5 The average surface roughness of bEnd.3 cells in different liquids (a). MTT assay 

of the cells in different liquids after exposing in air for 3 h (b). The results were 

expressed as the mean and standard deviation (±). 
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3.2 The influence of different liquids on cell AFM mechanics 

detection 

The slope of the force-displacement curve depends on the cell 

stiffness. The greater the cell stiffness is, the steeper the curve 

is. Fig. 6a shows the results of the cell nano-indentation tests. 

The P points in the figure represent the probe tip successfully 

piercing into the cell membrane. The curve of the cell in PBS is 

the steepest, and P0 is the highest. The cell in FBS is the 

second one. The curve of the cell in KCl+GS is relatively flat and 

the slope is similar with that of the cell in RPMI-1640+10% FBS. 

The positions of P3 and P1 are similar. The cell average 

penetration force and depth were detected as shown in Fig. 6b. 

The cell average penetration force and depth in PBS (2.08±0.30 

nN and 1.46±0.28 μm) are the largest of all. Those of the cells 

in the control group are 0.91±0.20 nN and 0.75±0.13. 

1.20±0.19 nN and 0.79±0.18 μm are for the cells in FBS. 

1.26±0.16 nN and 0.81±0.17 μm are for the cells in KCl+GS. 

From the statistical analysis of the data, the results of the cell 

nano-indentation tests in KCl+GS are closer to those of the 

control group cells. It shows that the cell stiffness in this liquid 

is similar with the one in RPMI-1640+10% FBS. 

 
Fig. 6 The force-displacement curves of the cells in different liquids (a) and the 

statistical analysis of the average penetration force and depth of them (b). The results 

are given as the mean and standard deviation (±). 

Elasticity measurement is very important for investigating 

the biophysical properties of cells.42-44 AFM elastic modulus 

images of the cells in each group are shown in Figs. 7a-d. In 

order to investigate the influence of different liquids on the 

cell elastic modulus, we selected an area of 10 μm×10 μm on 

the cell surface, where the cell nucleus located, to detect the 

cell elastic modulus. We chose the Hertz model to perform the 

elastic modulus data analysis for each group of cells. The 

statistical distributions of 128×128 force data of the cells in 

PBS, RPMI-1640+10% FBS, FBS and KCl+GS are shown in Figs. 

7e-h, respectively. The distribution of the elastic modulus of 

each cell is summarized in Table 1. Compared with the control 

cell, the cell in FBS has not been significantly changed in the 0-

1 KPa area, while the rest two groups are decreased. In the 

area of 1-2 KPa, the elastic modulus distribution of the cell in 

KCl+GS is similar with that of the control group cell, and they 

both reach more than 80%. The elastic modulus distribution of 

the cell in FBS in this area drops by nearly a half. While the cell 

in PBS drops the most, with only 6.72% remaining. In the areas 

of 2-3 KPa, 3-4 KPa and >4 KPa, the elastic modulus 

distributions of the cells in KCl+GS change little, while the rest 

two experimental group cells increase obviously. It indicates 

that the cells in KCl+GS can better maintain the elastic 

modulus as the cells in RPMI-1640+10% FBS.  



ARTICLE Journal Name  

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6  

Please do not adjust margins 

Please do not adjust margins Please do not adjust margins 

Please do not adjust margins 

 

Fig. 7 AFM elastic modulus (a-d) and adhesion images (i-l) of bEnd.3 cells in PBS, RPMI-1640+10% FBS, FBS and KCl+GS in the QI mode, and the distributions 
of elastic modulus (e-h). The scanning range is 60 μm× 60 μm. 

Table 1 Elastic modulus distributions of the cells in different liquids. 

Group 0-1 KPa 

(%) 

1-2 KPa 

 (%) 

2-3 KPa 

(%) 

3-4 KPa 

(%) 

>4 KPa 

(%) 

PBS 0.32 6.72 33.07 38. 64 21.24 

RPMI-1640+10% FBS 7.06 80.49 12.38 0.07 0 

FBS 6.70 48.57 35.83 8.16 0.75 

KCl+GS 0.46 82.02 17.08 0.45 0 

 

The average cell elastic moduli in each group are shown in 

Fig. 8a. The cells in PBS have the largest average elastic 

modulus at 3.21±0.43 KPa, which is significantly increased 

compared with the control cells (1.61±0.21 KPa). The average 

elastic moduli of the cells in FBS and KCl+GS are similar, which 

are 2.09±0.29 KPa and 1.87±0.21 KPa. The average elastic 

modulus of the cells in KCl+GS is the closest to that of the 

control group cells. 

 
Fig. 8 Average elastic moduli of the cells in each group (a), and the average 

cell surface adhesion forces (b). 

AFM adhesion images of the cells in each group are shown 

in Figs. 7i-l. In the experiment, we selected an area of 8 μm×8 

μm on the cell surface to detect the cell surface adhesion force. 

Fig. 8b shows the average cell surface adhesion force in each 

group. The average cell surface adhesion force of the cells in 

FBS is 3.61±0.26 nN, which is significantly larger than that of 

the control cells (2.46±0.31 nN). Those in the rest two groups 

are less than that in the control group, and they are not 

significantly different from each other. (2.06±0.17 nN for PBS 

and 1.91±0.07 nN for KCl+GS). According to Eqs. 3-6, the forces 

of the probe cantilever in the liquid are closely related to the 

physical properties of the liquid under the condition of the 

same scanning parameters, which will directly affect the cell 

imaging quality and mechanical detection. 
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Conclusions 

In this work, we performed AFM imaging and mechanical 
property detections on bEnd.3 cells in different liquids. By 
evaluating the imaging quality and analyzing the mechanical 
properties, the results show that the factors which cause the 
differences in AFM imaging quality are the liquid physical 
properties, which include viscosity, concentration, ion species 
and other parameters. The mechanical properties are closely 
related to the cell viability. The detection liquid of KCl+GS can 
maintain the cell viability within 3 h. The amounts of the ions 
and organic matter contained in the liquid are less than those 
of the traditional culture media, which can improve the quality 
of AFM imaging. The obtained cell mechanical properties are 
also similar with those of the cells in the traditional media. The 
investigation on AFM detection liquids helps to reduce the cost 
of the detection and provides supports for the high-quality 
imaging of biological samples under liquid phase conditions. 
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