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Abstract 

The rheological properties of growth-arrested and quiescent (G0 phase) mouse 

fibroblast cells under serum starvation were investigated by atomic force microscopy 

(AFM) with a microarray technique. The number distribution of complex shear modulus, 

G*, of quiescent cells at the serum concentration, CS = 0.1%, followed a log-normal 

distribution, and the frequency dependence of G* exhibited a power law behavior, 

which were similar to those under a control condition at CS = 10%. On the other hand, 

we found that the Newtonian viscosity coefficient of the quiescent cells significantly 

increased, and the distribution broadened, as compared with the control cells, whereas 

the power-law exponent was unchanged. The result indicated that the rheological 

properties of quiescent fibroblast cells were not identical to those in the G1 phase 

during cell cycle. This finding suggests that the Newtonian viscosity of cells is one of 

the useful indicators for evaluating growth-arrested cells under serum starvation. 
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1. Introduction 

The cell cycle is a process in which a cell duplicates into two genetically identical 

daughter cells and is divided into four phases, namely, G1, S, G2 and M phases. 

Mammalian cells dynamically change in terms of not only morphology, but also various 

physiological properties during the cell cycle. Therefore, it is essential to understand 

how cells behave in different cell phases 1).  

     In order to investigate the cell cycle dependence of cell biochemical properties, 

some methods have been developed to synchronize cells by halting the cell cycle at a 

particular phase. Serum starvation, in which the concentration of serum, CS, is lowered 

in cell culture, has been widely used for cells to enter the quiescent G0 phase, which is a 

status of growth-arrested cells having the same DNA content as that in the G1 phase 1-4). 

It is known that quiescent cells can reenter the cell cycle through the restriction point in 

the late G1 phase when transferred into a medium with a relatively high CS 1-4).  

     Since an organism mostly consists of G0 cells with a small number of stem cells, 

understanding the biochemical properties of G0 cells helps us to comprehend the 

organization of tissues and the organism. Previous studies 5, 6) revealed that fission yeast 

cells, which are a eukaryotic model, remained metabolically active in the G0 phase, but 

differed markedly from cycling cells in the G1 phase in heat resistance, cytoplasmic and 

nuclear morphologies, as well as proteolysis and protein synthesis. 

     The importance of investigating the mechanical and viscoelastic properties of 

living cells at a single cell level is increasingly being recognized as an approach to 

understanding cell behavior 7). Atomic force microscopy (AFM) has been employed to 
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conduct direct mechanical measurements of single cells in the M phase 8-10) and G1 

phase 11). Moreover, the cell cycle dependence of adhesion forces was investigated by 

force spectroscopy 12). However, as far as we know, no experiment regarding the 

viscoelastic properties of cell cycle-arrested single cells has been reported, and thus it is 

unknown how a method to arrest cell phase influences cell rheology. One reason for the 

lack of such experiments may be due to the difficulty of statistical estimation of cell 

cycle-arrested cells with their inherent individual differences.  

     The aim of this study was to investigate how cell rheology is affected by serum 

starvation, with an AFM method that allows us to measure the number distribution of 

the rheological properties of cells 13, 14). In the AFM method, the cells were arranged and 

cultured in a microfabricated glass substrate so that the AFM force measurements of 

many different cells were performed automatically. We found that the number 

distribution of complex shear modulus G* of the quiescent G0 cells followed a 

log-normal distribution and a single power law behavior 14-24) as a function of frequency. 

Interestingly, the number distribution of the Newtonian viscosity coefficient of cells 

broadened, as compared with that under a control condition. The value of the former 

was obviously larger than that of the latter although the exponent of power-law 

rheology was almost unchanged. This indicated that the rheological properties of 

fibroblast cells in the quiescent G0 phase were different from those in the G1 phase 

during cell cycle. 

 

2.  Materials and Methods 
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2.1 Microarray  

A commercial cell microarray (Nunc LiveCell Array), which had a hexagonal structure 

of microwells with a depth of ~8 µm and a spacing of 20 µm on a glass substrate, was 

used as a culture substrate. The substrate was precoated with fibronectin (BD 

Bioscience).  

 

2.2 Cell samples 

Mouse fibroblast NIH3T3 cells were cultured at 37 °C and 5% CO2 atmosphere in 

Dulbecco’s modified Eagle’s medium DMEM (Sigma) containing penicillin (100 

units/mL), streptomycin (100 mg/mL) (Sigma), and fetal bovine serum (FBS; HyClone) 

at CS = 0-10%. The DNA content of cells under serum starvation was estimated using a 

flow cytometer (Becton Dickinson FACSCanto II) with software (TreeStar FlowJo).  

     After NIH3T3 cells were cultured for 24 h in the medium with CS = 0.1 and 10%, 

they were suspended with trypsin-EDTA (Sigma), deposited on the microarray in 

complete medium (DMEM containing FBS), and immediately incubated for ~ 24 h 

under the same medium conditions [Fig. 1(a)]. The cells were washed with 

CO2-independent medium (GIBCO), placed in the same medium and immediately used 

for AFM experiments. We have confirmed that the cells are arranged in the wells of the 

microarray and that the filling rate of cells to wells is > 98% from a fluorescence image 

of the nuclei in a large scale 13). 

 

2.3 Force modulation measurements  
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We used a commercial AFM (Asylum Research MFP-3D AFM) mounted in an inverted 

optical microscope (Nikon TE-2000E). A colloidal silica bead with a radius of ~3 µm 

(Funakoshi) was attached to the tip apex of the cantilever (Olympus BL-AC40TS) using 

an epoxy glue 13, 14, 25). The spring constant was determined using a built-in thermal 

fluctuation method. The loading force was determined on the basis of Hooke’s law by 

multiplying the calibrated cantilever spring constant by its deflection. 

     The AFM measurements were examined at the centers of the wells [Fig. 1(b)]. A 

maximum loading force of ~ 500 pN was applied to the cell surface for ca. 30 s, and a 

reference signal of sinusoidal oscillation with an amplitude of 10 nm and frequency, f, 

in the range of 2-100 Hz was added to the z piezo of AFM to move the cantilever 

vertically. The amplitude and phase shift of the cantilever displacement with respect to 

the reference signal were measured using an external digital lock-in amplifier (SEIKO 

EG&G, 7260) with a time constant of ~0.5 s. 

     The loading force F*, which is complex as indicated by the asterisk, with the 

small oscillating indentation, δ1
*, around an operating indentation, δ0 was approximately 

expressed 26-28), using a Hertz model, by 

! 

F * =
4R1/ 2

3 1"# 2( )
E0$0
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where ν is the Poisson’s ratio of the cell, R is the radius of the spherical probe, and E0 is 

the elastic modulus at zero frequency obtained from the slow approach force curve. E1
* 

is the frequency-dependent elastic modulus to be 2(1+ν)G* 29). The value of ν was 

assumed to be 0.5 14, 30). 
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       The probe moving through the surrounding liquid experiences not only the 

force applied to the cell but also the hydrodynamic drag force Fd
* 31). Thus, G* of cells 

is given 22) by  

! 

G* = " G + i " " G =
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where 

! 

F1
* = 2 R"0( )1/ 2E1

*"1
* / 1#$ 2( ) , and b is the so-called drag factor 31), in which Fd

* 

at a separation distance, h, between the cell surface and the probe with the oscillation 

amplitude δ1
* is defined as 

! 

Fd
* /"1

* = ib h( ) f . The b(0) was determined from the 

extrapolation of b(h) measured at f = 100 Hz. The phase shift of the AFM instrument at 

different frequencies was calibrated using a stiff cantilever in contact with a clean glass 

cover slip in air. 

 

3. Results and Discussion 

Figure 2(a) shows the ratios of G0/G1, S/G2, and M phases in the NIH3T3 cells at 

different CS values, measured using the flow cytometer. As CS decreased, the ratio of 

cells in the G0/G1 phase was gradually increased after an incubation time of 24 h and 

reached a maximum of about 90% at around CS = 0.1% after 48 h. This result indicated 

that the cells could be highly growth-arrested at CS = 0.1%. Moreover, as shown in Fig. 

2(b), cell proliferation rate drastically decreased with decreasing CS and the 

proliferation almost halted at less than Cs = 0.1%. The decrease in cell count after 48 h 

at CS = 0.1 or 0% was probably due to cell death. Figure 2(c) shows the distribution of 

DNA content of cells that were serum-starved at CS = 0.1% for 48 h and then transferred 
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to a medium with CS = 10% at t =0 s. The enhancement of the peak indicated by the 

arrow showed the increase in the number of cells that duplicated DNA and changed 

from G0/G1 to other phases, indicating that the cells growth-arrested at CS = 0.1% could 

reenter cell cycle.  

     Figure 3 shows the distribution of storage G’ and loss G” moduli of cells cultured 

in the wells of the microarray with a medium at CS= 0.1% (the number of cells, n=120) 

measured by AFM at different frequencies. The distributions were log-normal, and the 

peak of the distribution increased with increasing frequency. It seemed that the variation 

of the distribution of G” became narrower than that of G’ in the frequency range of 

2−100 Hz. Such features of distributions have been reported recently 14), although the 

origin of the features has not been elucidated. 

     Figures 4 (a) and 4(b) show the average G’ and G” of the NIH3T3 cells at CS = 

10 (n = 70) and 0.1% (n = 120), respectively, as a function of frequency in the range of 

2−100 Hz. The G’ of the cells increased linearly in a log-log scale, exhibiting a weak 

power-law dependence of G’ on oscillation frequency. On the other hand, G” was 

approximately threefold lower than G’ and displayed a similar frequency dependence on 

G’ at low frequencies < ~10 Hz, and the frequency dependence became more 

pronounced at higher frequencies. Such a behavior of the power-law frequency 

dependence has been observed in several cell types 14-24). The data shown in Fig. 4 was 

well fitted to the power-law structural damping model 15, 16, 32, 33) with additional 

Newtonian viscosity, which is expressed by 
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where α is the power-law exponent of the model. η is the hysteresivity, which is 

expressed by tan(πα/2). G0  is a modulus scale factor, f0 is a frequency scale factor, Γ 

denotes the gamma function, and µ is the Newtonian viscosity coefficient.  

      Figure 5 shows the distributions of α and µ of NIH3T3 cells measured by AFM. 

The α is one for solid like behavior and zero for fluid-like behavior. The distribution of 

α at both CS = 10 and 0.1% was normal Gaussian rather than log-normal. The average α 

values were 0.22 at CS = 10% and 0.18 at CS = 0.1%, and no significant difference was 

found between them.  

     On the other hand, as shown in Fig. 5, we found that the distribution of µ at CS = 

0.1% became much broadened compared with that at CS = 10%, although these 

distributions were not completely separated. Namely, µ at CS = 0.1% was widely 

distributed in the range of 0 - 2.0 Pa·s, while most of µ’ s at CS = 10% was less than 1.0 

Pa·s. The results indicated that cells that growth-arrested under serum starvation were 

not identical to those in the phases during cell cycle, but had a specific feature, which is 

different from that in the G1 phase, from the rheological point of view. µ is mainly 

related to interactions between actin filaments and the surrounding materials as well as 

among other cytoplasmic materials. Therefore, the result shown in Fig. 5(b) implies that 

the components and quantities of proteins in cells are largely varied under serum 

starvation. 
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     It was revealed that fission yeast cells in the G0 phase were metabolically active, 

but differed from cycling cells in the G1 phase in physiological response such as heat 

resistance and also in cytoplasmic and nuclear morphologies.5) Moreover, recently, it 

has been reported 6) that proteolysis was required for maintaining G0 quiescence of 

fission yeast cells under nitrogen-starved condition, and protein synthesis and the 

autophagy-mediated destruction of mitochondria occurred in the G0 cells. The results 

suggest that the concentration and the components of proteins in cytoplasmic regions of 

cells in the G0 phase largely vary from those of cycling cells in the G1 phase. The 

proteolysis and protein synthesis in the cytoplasm may cause the increase in µ observed 

in growth-arrested cells under serum starvation.  

     The AFM allows us to measure rheological properties of cells not only in the 

frequency domain, but also in the time domain.34-38) Time domain AFM is relatively 

simple to measure the rheological properties of cells, compared with the frequency 

domain, but physical (rheological) quantity cannot be directly determined from the 

observed parameters by time domain AFM, without any rheology model.39) The 

rheological property of cell that µ changes without any obvious change in α can be 

utilized as a model for time domain AFM to evaluate cells that are cell cycle-arrested 

under serum starvation. 

 

4. Conclusions 

We succeeded in measuring the number distribution of the complex shear modulus of 

NIH3T3 cells growth-arrested under serum starvation by AFM with a cell microarray. It 
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was found that the distribution of the Newtonian viscosity coefficient was markedly 

different between quiescent and control cells, while other parameters were not 

significantly changed. This result indicated that the rheological properties of cells 

growth-arrested under serum starvation had a specific feature that is different from G1 

phase. Therefore, the measurement of the Newtonian viscosity of cells is crucial to 

evaluate cells growth-arrested under serum starvation. 
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Figure captions 

Fig. 1. (a) After NIH3T3 cells were cultured for 24 h at different serum concentrations 

(CS = 0.1 or 10%) in dishes, the cells were placed on microarray and cultured for ~24 h 

at the same serum concentration. The phase of cells was estimated by measuring the 

DNA content of cells (green, G0/G1; yellow-green, S/G2; blue, M phase) using flow 

cytometer. (b) Schematic diagram of AFM combined with a microarray substrate, on 

which living cells were placed. The force modulation mode measurements were 

conducted at the center of the wells of the microarray in CO2-independent medium with 

the same serum concentration. 

 

Fig. 2 (a) Ratios of NIH3T3 cells in various phases incubated for 24 h (filled) and 48 h 

(open) at different CS’s, measured with the flow cytometer. The red, green, and blue 

columns represent the G0/G1, S/G2, and M phases, respectively.  (b) Proliferation of 

cells incubated for 0 h (filled), 24 h (dotted), and 48 h (open) at different CS’s. (c) 

Distribution of DNA content of cells cultured for 48 h at CS = 0.1% and then transferred 

to a medium at CS = 10%. The arrow represents cells that duplicated DNA. 

 

Fig. 3 Distributions of storage G’ (left) and loss G’’ (right) moduli of NIH3T3 cells 

growth-arrested under serum starvation in the wells of the microarray. The plot is 

presented using a logarithmic scale at different frequencies of (a) 5, (b) 25, and (c) 100 

Hz. 
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Fig. 4 Average G’ (open) and G’’ (filled) of NIH3T3 cells in the wells of the microarray 

at CS = 10 (a) and 0.1% (b) as a function of frequency. The symbols represent the 

geometric mean. Solid lines represent the resultant fit of the power-law structural 

damping model described by eq. (3). 

 

Fig. 5 Distributions of power-law exponent α and Newtonian viscosity coefficient µ of 

NIH3T3 cells, estimated using eq. (3), at CS = 10 (left) and 0.1% (right). Solid lines 

represent a normal Gaussian fit.  
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