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Abstract 

 

The number distribution of the elastic modulus of fibroblast cells was successfully 

measured during the early stages of adhesion using an atomic force microscope (AFM) 

combined with a microarray as a substrate, which allowed us to arrange and culture the 

cells so that a large number of cells could be measured for a short time.  We confirmed 

that cells deposited in the wells of the microarray could be cultured for at least 12 h 

without any significant migration.  Histograms of the Young's modulus, E, of cells 

during the early stages of adhesion produced from force curve measurements of cells 

(n=~300) cultured for 3-9 h were well fitted to a log-normal distribution.  With 

increasing incubation time, the average value of E increased significantly, while the 

standard deviation of the distribution remained almost constant.  The results are 

discussed in terms of the cytoskeleton inside cells.  
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1. Introduction 

     Some types of cells adhere to their surrounding extracellular matrices and/or 

neighboring cells in vivo and subsequently display various functions such as motility 

and division.  When suspended adhesive cells are placed on a solid substrate in vitro, 

they adhere to the substrate and alter their morphology and gene expression, which are 

considered to be strongly related to the cellular mechanics governed by the internal 

stiffness of the cytoskeleton assembly1). The micro- and nanomechanics of cells adhered 

tightly to substrates have been widely investigated using particle tracking techniques,2-6) 

microfabricated substrates,1,7) and atomic force microscopy (AFM).8)

     AFM has the advantages of allowing us to measure the mechanical properties of 

cells at any region of the surface by controlling the position of the AFM probe and not 

requiring any modification of the cell surface or substrate.  Previous AFM studies9-13) 

have revealed heterogeneity in the elasticity of single cells.  Moreover, the viscoelastic 

properties of cells have been measured in the force modulation mode,13-16) which is the 

basis of measurements in a frequency domain, and in the stress relaxation mode17,18) in a 

time domain.  

     On the other hand, little is known about how suspended cells attain the metastable 

state in which they adhere tightly to substrates.  At an early stage of adhesion, 

filamentous structures, such as F-actin, microtuble and intermediate filaments, may be 

formed and modified more drastically inside cells, and therefore measurements of the 

mechanical properties of cells during the early stages of adhesion provide information 
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about the kinetics of the formation of internal structures that affect the cellular 

mechanics.  

      Since cells are fragile during the early stages of adhesion and only adhere 

weakly to substrates, techniques for preventing the detachment of cells from substrates 

are required.  Moreover, it is considered that cells exhibit temporal fluctuations as well 

as individual differences during adhesion, and therefore large numbers of cells need to 

be measured rapidly in order to estimate their cellular mechanics in a quantitative 

manner.  

     Here, we present a new method of AFM force measurements combined with a 

microarray technique.19)  In the method, cells are placed and cultured in the wells of a 

microarray, and force measurements of the cells are automatically examined at the 

centers of the wells without confirming the positions of all the cells.  Using this 

method, we measured the number distribution of the elastic modulus of mouse 

fibroblast cells as a function of the incubation time and discuss the obtained results in 

terms of the internal structures of the cytoskeleton. 

 

2. Experimental Procedure 

2.1 Microarray  

     We used a commercial cell microarray (Livecell arrayTM; Nunc Co., USA), which 

comprises a hexagonal structure of microwells with a depth of ~8 μm and spacing of 20 

μm fabricated on a glass substrate.  The substrate was precoated with fibronectin (BD 

Bioscience, USA).    
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2.2 Cell samples 

     Mouse fibroblast NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Sigma, USA) containing penicillin (100 units/mL)-streptomycin (100 

mg/mL) (Sigma, USA) and 10% fetal bovine serum (GIBCO-BRL Life Technologies, 

USA) in culture dishes at 37°C in a 5% CO2 atmosphere for 1-2 d.  After suspension 

with trypsin (Sigma, USA), the cells were deposited on the microarray in complete 

medium (DMEM containing FBS) and immediately incubated for tc = 3, 6 or 9 h under 

the same conditions described above.  The total number of suspended cells exceeded 

the number of wells, such that all the wells of the microarray were occupied by cells.  

The cells were cultured for the appropriate times, washed with PBS, placed in 5 mL of 

CO2-independent medium (GIBCO-BRL Life Technologies, USA) and immediately 

used for AFM experiments.  

  

2.3 Immunofluorescence observation  

     Immunofluorescence imaging of the nuclei and actin molecules in cells cultured 

in the microarray was performed with a confocal laser scanning microscope (CLSM) 

(FV-300; Olympus, Japan).  After removing the medium from the microarray, the cells 

were fixed with 4% formalin in phosphate-buffered saline (PBS, pH 7.2) for 30 min, 

rinsed three times with PBS, permeabilized in 0.01% Triton X-100 for 10 min and 

rinsed three times with PBS.  Next, rhodamine-phalloidin (Molecular Probes, USA) in 

PBS was added and the cells were incubated for 1 h at 37°C.  Excess dye was removed 

by rinsing the cells three times with PBS.  To prevent rapid photobleaching and stain 
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the nuclei, VECTASHIELD® mounting medium containing DAPI (Vector Laboratories, 

USA) was used.    

 

2.4 AFM measurements  

     We used a commercial AFM (MFP-3D AFM; Asylum Research, USA) mounted 

in an inverted optical microscope (TE-2000E; Nikon, Japan) (see Fig. 1).  A small 

rectangular cantilever (BL-AC40TS; Olympus Co., Japan) with a nominal spring 

constant of 0.1 N/m was used.  A colloidal silica bead with a radius of 5 μm 

(Funakoshi, Japan) was attached to the apex of the AFM tip20) using an epoxy glue to 

measure the elastic modulus of the cells in a more quantitative manner.  Prior to cell 

experiments, the spring constant of the cantilever was determined using a thermal 

fluctuation method.21)  The loading force was determined by multiplying the calibrated 

cantilever spring constant by its deflection on the basis of Hooke’s law.  

     Topographic images and force measurements were obtained using a force 

mapping technique.8)  In the topographic imaging, force curves were taken at intervals 

of 2.5 μm, and the contact positions estimated from the force curves were imaged.  In 

the force measurements, force curves were taken within 1 h at the centers of the wells,  

which numbered more than 300 in a cell sample using a software control.  The 

maximum loading force and the scan speed were approximately 450 pN and 15 μm/s, 

respectively.  
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     The apparent Young's modulus, E, of cells was estimated by fitting the force 

curves obtained during the approach process at the centers of the wells to a Hertz model, 

which was expressed by 

2/32/1
213

4 δ
ν

REF
−

= , 

where F is the loading force, ν is the Poisson’s ratio, δ is the indentation depth of 

the probe, and R is the radius of the probe to be 5 μm.  The ν was assumed to be 0.5. 

 

3. Results 

     Figure 2(a) shows a fluorescence image of the nuclei of NIH3T3 cells cultured for 

tc = 12 h on the microarray.  The positions of the cell nuclei were in good agreement 

with those of the wells.  Moreover, we confirmed that there was no overlapping of 

nuclei by changing the focal plane of the CLSM in the z direction.  Since NIH3T3 

cells are mononuclear, these observations indicated that the cells were arranged as a 

monolayer in the wells of the microarray.  The filling rate of cells to wells was 

estimated to be >98% from a fluorescence image of the nuclei on a large scale.  

     Figures 2(b) and (c) show fluorescence images of F-actin staining in cells 

cultured for tc = 3 and 12 h on the microarray, respectively.  Although the filamentous 

structures of F-actin were clearly visualized for both incubation times, thick filaments 

that probably represented stress fibers were observed for tc = 12 h, but not for tc = 3 h.  

The results shown in Fig. 2 revealed that the microarray was useful for retaining and 

culturing cells in the wells without losing their adhesive function.  
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     Figure 3 shows topographic images of cells cultured on the microarray for 

different periods of time.  Since a colloidal probe was used for imaging, the obtained 

topographic images had low spatial resolution.  However, the images were stably 

obtained, indicating that the cells were stable in the wells with no detachment from the 

substrate during the force curve measurements.  As shown in Fig. 3(a), the cells were 

spherical at tc = 3 h.  Since the suspended cells were spherical with similar sizes in Fig. 

3(a), we concluded that the cell morphology remained almost unchanged within tc = 3 h.    

     As shown in Fig. 3(b), the cells remained spherical at tc = 6 h.  However, when 

the cells were incubated for 9 h, they exhibited drastic changes in shape and became 

asymmetrical and flatter, while the spacing of the cells remained the same as that of the 

wells.  The finding that the cells began to expand in the wells without any significant 

migration allowed us to estimate the elastic modulus of the cells automatically by 

conducting force curve measurements at the centers of the wells.  

     Figures 4(a) to (c) show histograms of the Young’s modulus, E, of the cells in the 

wells of the microarray during the early stages of culture.  Histograms of the 

logarithms of E were found to be well fitted to a Gaussian function, that is, the 

histograms exhibited a log-normal distribution.  Figure 5 shows the average values and 

standard deviations of E estimated from Figures 4(a) to (c) as a function of the 

incubation time.  The average value of E increased significantly with increasing 

incubation time, while the standard deviation of the distribution remained constant. 

 

4. Discussion  
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     Previous studies4-6) of cells adhered tightly to substrates have revealed that the 

rocking amplitudes at frequencies corresponding to the elastic components obtained 

using magnetic twisting cytometry and laser tracking microrheology exhibited 

log-normal distributions.  Balland et al.4) proposed a model to explain why the rocking 

amplitudes displayed log-normal distributions.  Briefly, they modeled the cytoskeleton 

network as an infinite assembly of an elementary unit with viscoelastic properties.  In 

the present study, we observed that the cells became flatter during the formation of a 

thick filamentous network, suggesting that the formation of a cytoskeleton network 

induced the increases in E with a log-normal distribution.  

      Interestingly, even for tc = 3 h when the cytoskeleton network seemed to be 

insufficiently developed, the histogram of E exhibited a clear log-normal distribution.  

Guck et al.22) measured suspended fibroblast cells after trypsinization to detach the cells 

from a dish.  They found that the density of the cytoskeleton inside the cells exhibited 

a log-normal distribution using fluorescence confocal microscopy experiments.  We 

found that the amount of F-actin was abundant inside the cells after 3 h of incubation, 

implying that the density of F-actin, which is one of the major contributors to the elastic 

modulus of cells measured by AFM11), reflects the histogram of E shown in Fig. 4(a).  

     If one can accept that two factors, namely the formation of the cytoskeleton 

network and the density of F-actin, may lead to the log-normal distribution of the 

observed Young's modulus of the cells, the fitting to a single Gaussian function 

presented in Fig. 4 may be a rough approximation.  Detailed investigations of the 
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cellular mechanics, including the viscoelastic properties, should be required to elucidate 

the origin of the log-normal distribution during the early stages of adhesion.  

     The average value of E for tc = 9 h was ca. 250 Pa, which was smaller than that 

estimated for NIH3T3 cells on a flat substrate in a previous study.11)  The difference 

may arise from the incubation time and the cell density.  In the former, it was 

considered that the cells for tc = 9 h were in a transient state while attaining their 

metastable state for tight adherence to the substrates.  In the latter, it was considered 

that the cell density on the microarray was much higher than that on the flat substrate in 

the previous study11), and that this difference in the cell density altered the kinetics of 

the formation of the cytoskeleton network and of the polymerization/depolymerization 

of actin, tubulin and intermediate filaments due to cell-cell interactions, although both 

the isolated cells adhered on the flat substrate and the cells on the microarray were not 

in their native environments.  

  

5. Conclusions  

     The number distribution of the Young's modulus, E, of fibroblast cells (n=~300) 

was successfully measured during the early stage of adhesion by AFM.  Cells were 

placed in the wells of the microarray to measure the elastic modulus as a function of the 

incubation time.  The results revealed that the histograms of E of the cells during the 

early stages of adhesion were well fitted to a log-normal distribution.  The average 

value of E increased significantly as the incubation time increased, without any 

significant change in the standard deviation.  We believe that this technique of AFM 
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combined with a microarray will be useful for investigating the statistics of cellular 

mechanics with temporal fluctuations.  
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Figure captions 

Fig. 1.  Schematic diagram of an AFM combined with a microarray, on which living 

cells were deposited.  The optical microscope was employed to choose a particular cell 

and to set the cantilever tip at the center of well before successive force curve 

measurements.  

  

Fig. 2.  (a) Micrograph of NIH3T3 cells deposited in the wells of the microarray and 

cultured for 12 h.  The cells were tagged by staining their nuclei with DAPI.  

Immunolabeling of F-actin in cells in the wells of the microarray after incubation for (b) 

3 h and (c) 12 h.  The scale bars are 20 μm. 

  

Fig. 3.  Topography of NIH3T3 cells measured in the force mapping mode.  The 

incubation times were 3 h (a), 6 h (b) and 9 h (c).  The horizontal scale bars are 20 μm. 

The height scale is relative among the images since the absolute position of the 

substrate could not be measured.  

  

Fig. 4.  Histogram of the Young’s modulus, E, of cells in the wells of the microarray 

after incubation for 3 h (a), 6 h (b) and 9 h (c).  The histograms were fitted to a single 

log-normal distribution function. 

 

Fig. 5 Average values and standard deviations of E estimated from the log-normal 

distribution shown in Fig. 4 as a function of the incubation time. 
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Fig. 1 Mizutani et al. 
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Fig. 2 Mizutani et al. 
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Fig. 3 Mizutani et al. 
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Fig. 4 Mizutani et al. 
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Fig. 5 Mizutani et al. 
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