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Abstract—AFM-based single cell force spectroscopy has 
been employed wildly, while more work is needed for the 
mechanical detection of diabetes-related cells (INS-1 cells). In 
this study, a multi-parameter AFM characterization was 
performed to detect the mechanical properties of INS-1 cells 
in situ. High resolution topographies and concurrent 
mechanics were obtained by taking the advantage of the 
quantitatively imaging (QI) mode AFM. The analyses of force 
curves and force maps jointly presented the multiple 
parameters involved in the cell mechanics. The AFM force 
spectroscopy measurement provides full analysis and 
comprehensive understanding of cell mechanics. 
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I．INTRODUCTION 
Diabetes has been one of the most troublesome 

problems worldwide which is hindering people’s 
well-being for its high morbidity, high cost of treatment 
and high risk of complications [1, 2]. In the development 
of diabetes and its complications, beta cells gradually fail 
to secret insulin in reaction to glucose stimulation to 
maintain normal blood glucose level and body metabolism 
[3]. Through long period research, beta cell dysfunction 
and mass loss are the major causes of absolute insulin 
deficiency in T1DM and relative insulin deficiency in 
T2DM [4-6]. Considering the significance of beta cells in 
diabetes research, a number of studies have focused on 
understanding the characteristics of beta cells and the 
mechanism of insulin deficiency, and made it a promising 
methodology for diabetes treatment.  

Current studies have demonstrated the significance of 
cell mechanics as a biophysical fingerprint concerning cell 
behaviors and diseases [7-11]. The mechanical properties 
can be imaged and quantitated on the nano scale by AFM 
[12, 13]. Specifically, the AFM-based measurement and 
characterization of living cells provide full analysis of 
promising physical cues in reaction to cell dynamic 
physiological changes, which has been widely accepted. 
The topographical dimensions [14], elasticity and adhesion 
[15] physically reflect the information on cellular 
structures, functions and cell-environment interactions [16, 
17]. 

The work by Smolyakov [18] adapted the 
multiparametric AFM to study the lateral membrane of 
cardiomyocyte. Mandriota [19] quantitatively investigated 
the relations between the cell stiffness and intracellular 
forces by AFM. Raudenska [20] focused on the 
biomechanical and morphological characteristics of 

prostate cancer cells and their changes resulting from the 
effect of cisplatin, revealing the possible method for 
cell-drug interaction studies. Also, the effect of substrate 
mechanics on the cortical cell stiffness was investigated by 
AFM force measurement [21]. In terms of the diabetes, 
previous studies showed the close relationship between the 
cell structures and insulin secretion [22-24], which could 
be of great significance for studying the mechanics and 
functions of beta cells [25]. Consequently, the 
characterization of INS-1 cells by AFM could provide 
more information for further investigation of diabetes. 

Through nanoscale detection with AFM, cell 
mechanical properties such as adhesion, Young’s modulus 
(YM) and roughness can be obtained and visualized with 
high resolution. The parameters of cells are related to the 
cell growth condition, cell function and viability.  

The purpose of this work is to carry out the force 
measurement, the quantitative imaging of INS-1 cells and 
the analysis of AFM-based data processing.  

II．METHOD AND EXPERIMENT 

A. Cell Culture and Sample Preparation 
INS-1 cells were routinely cultured in the RPMI-1640 

medium containing 10% fetal bovine serum (FBS), 1% 
penicillin, 1% streptomycin and 50 μmol/L of 
β-mercaptoethanol additionally. When INS-1 cells grew at 
the confluency of 90%, the cells were sub-cultured and 
seeded onto a cover glass at a low density for the following 
process. 

High quality of sample preparation could eliminate the 
huge differences between the cells within one experimental 
group. Since the results of AFM measurements were 
highly determined by the physiological status of cells, 
more attention should be paid during the cell culture. 

B. AFM Force Spectroscopy 
AFM equipped with the high-sensitivity probe enabled 

high resolution characterization of cells in-situ and in 
physiological liquid environment, as well as concurrent 
mechanical properties. 

 In the experiment, AFM (JPK, NanoWizard 3, 
Germany) detection was carried out taking the advantage 
of high position resolution (0.02 nm at Z axis) and force 
resolution (about 50 pN). INS-1 cells, plated on cover 
glasses in petri dishes, were investigated by performing the 
force mapping in the quantitatively imaging (QI) mode.  
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In the QI mode, a complete force curve was recorded at 
each pixel to perform the force spectroscopic maps. The tip 
approached to the surface of cells until the interaction force 
between the tip and the sample reached the setpoint value 
which was usually several nanonewtons. With precisely 
controlled vertical forces and no lateral forces acting on the 
cells, this ensured the expected results and the least 
damage to the bio-samples. The triangular cantilever 
(MLCT-A, Bruker, shown in Fig. 1C) with the spring 
constant of 0.07 N/m was chosen for mapping INS-1 cells. 
A thermal noise method was built to calibrate the 
cantilever and the sensitivity of optical system.  

In the data processing, two well-established theoretical 
fitting models (Hertz and DMT) were often applied to 
calculate and analyze the elastic parameters (YM) of cells. 
It should be noted that the Hertz model did not include 
adhesion force, while the DMT model included the effect 
of adhesion force. In this study, the DMT model was used.  

 
Fig. 1. Schematic illustration of a typical AFM force measurement. A: 
AFM probing on the living INS-1 cells. B: A representative force curve 
obtained by AFM in the QI mode. C: An optical view of AFM scanning 
the INS-1 cells in situ. D: The optical image of INS-1 cells with irregular 
shapes.  

C. Analysis of Single Force Curves  
A force curve with two curves (the extend and the 

retract) represented the force and distance between the tip 
and sample during the approaching and retracting. The data 
was recorded initially as the vertical deflection and 
movement of Z displacement. A single force-displacement 
curve was transformed to a true force-distance curve. 
Multiple parameters could be extracted from a single force 
curve, which were involved in the adhesive and elastic 
properties of samples, as shown in Fig. 1B. 

D. Quantitative Analysis of the Mechanical Properties of 
INS-1 Cells  
The mechanical properties of INS-1 cells can be 

visualized by images (such as 3D topographies of different 
channels), quantitatively calculated and shown in different 
diagrams. The analyses of cross-sections and histograms 
were usually employed to show the changes of mechanical 
parameters of cells. 

III．RESULTS AND DISCUSSIONS 

A. Multi-parameter Extraction from Individual Force 
Curves 
The individual force curve at each pixel of a 

quantitative image delivered multiple parameters relevant 
to the cellular mechanics of a certain point of a single cell. 
The parameters could be divided into two types, the 
elastic/stiffness and adhesive. Except for the slope as the 
marker of cell elasticity, the following four parameters on 
the adhesive properties of cells were discussed. As a result, 
they are supposed to be underlying the relationships among 
the adhesive markers. 

 
Fig. 2. Force spectroscopic measurements of living INS-1 cells. A: AFM 
topographies of INS-1 cells. B: Force curves for the four individual points 
in Fig. 2A (a, b, c, d). 



TABLE Ⅰ. Multi-parameter analysis of AFM force curves 

 Slope 
(nN/μm) 

Maximum 
adhesion 

(pN) 

Rupture 
events 

Interaction 
length 
(μm) 

Energy 
(e-16 J) 

a 1.396 417.3 5 662 4.212 

b 1.474 537.2 9 1.127 5.572 

c 2.844 701.3 10 1.088 7.801 

d 2.546 686.5 10 1.053 7.138 

Slope. The slope was measured by fitting over the 
chosen X length (50 nm) on the extend curve, implying the 
stiffness of the certain position. 

Maximum adhesion. The maximum adhesion was 
extracted from the retract curve to describe the interaction 
between the tip and the cell surface when the tip was about 
to jump off from the surface.  

Rupture events. The retract curves also consisted of 
several rupture events caused by the membrane tethers or 
cell surface molecules. The counts of rupture events 
quantitatively described the molecular-level interactions 
associated with the distribution of the adhesive molecules 
on the cell surface.  

Interaction length. When the tip jumped apart from the 
cell surface until thoroughly separated, the length could be 
used to describe the subsequent effect on the tip by specific 
molecules. 

Energy. The energy was determined by picking the 
largest contiguous negative area on a force-distance curve, 
reflecting the obtained adhesin energy or dissipated energy. 

In Fig. 2A, four points (a, b, c, and d) were chosen, as 
well as their force curves, respectively shown in Fig. 2B 
and quantitatively recorded in TABLE Ⅰ. The heights of a 
and b were higher than b and d, while much more fibers 
were found on the cell surfaces of b and d. Structural 
differences of the four points determined the deviations of 
five parameters. 

B. Multi-parameter Mechanical Images 

 
Fig. 3. Three-dimensional presentation of the mechanical properties of 
INS-1 cells. A: 3D height. B: 3D adhesion. C: 3D YM. 

Quantitative images consisted of multiple channels, 
where the height, adhesion and YM could be separately 
shown as in Fig. 3. The processing of 3D intuitively 
demonstrated the different kinds of mechanical properties. 
The 3D height or topography showed the surface 
morphology of cells and the structural details, such as the 
cellular pseudopodia. Similarly, the adhesion exhibited the 
surface information, while it focused on the surface 
adhesive molecules which could be relevant with the 
specific proteins. The 3D YM revealed the inner structures 
of cells, mainly referred to the cell cytoskeletons. It had 
been proved that the elasticity was dependent on the 
density of actin fibers inside the cells.  

C. Cross-section Analysis of INS-1 Cells 
In Fig. 4A&B, the images of adhesion and YM are 

pieced together. Cross sections (b-c) through the images 
are chosen and the line profiles are shown in Fig. 4C. The 
fluctuations of the three lines are useful tools to represent 
the mechanical changes on this certain line. 

 

 
Fig. 4. The cross-section analysis of mechanical parameters of INS-1 cells. 
A: Adhesion image. B: YM image. C: Cross-section lines of b-c. 

D. Histogram Analysis of INS-1 Cells 
Also, rectangle areas of interest can be selected, as 

shown in Fig. 4A (white square a). Besides the average 
values, the data distributions of mechanical properties 
within this area are shown in the histograms in Fig. 5. 
Hundreds of pixels were calculated statistically. The 
frequencies of values showed their major range, which 
represented the basic information. The adhesion of the 
chosen area was around 100 pN. The corresponding height 
and YM were at the range of 1.6-2.4 μm，and 2-4 kPa, 
respectively. With extra stimuli on the cells, the histogram 



of identical size would display relative differences to 
discuss the effect of the extra stimuli. 

 
Fig. 5. Histogram analysis of the mechanical parameters in the selected 
area a (in Fig. 4). A: Distribution of the adhesion data. B: Distribution of 
the height data. C: Distribution of the YM data. 

IV．CONCLUSION 
In summary, the experimental and data processing 

aspects of multi-parameter AFM quantitative imaging for 
the relevant cells were addressed. The dimensional 
topographies and mechanics of INS-1 cells were obtained 
to characterize the structural and physical properties. The 
results hold great potential as the biomarkers for the 
research of diabetes. 
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