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Abstract – Based on the characterization by Atomic Force Microscopy (AFM), we report that the 7 

mechanical property of single chondrocytes has dependency on the strain-rates. By comparing the 8 

mechanical deformation responses and the Young’s moduli of living and fixed chondrocytes at four 9 

different strain-rates, we explore the deformation mechanisms underlying this dependency property. 10 

We found that the strain-rate-dependent mechanical property of living cells is governed by both of the 11 

cellular cytoskeleton (CSK) and the intracellular fluid when the fixed chondrocytes is mainly 12 

governed by their intracellular fluid which is called the consolidation-dependent deformation 13 

behavior. Finally, we report that the porohyperelastic (PHE) constitutive material model which can 14 

capture the consolidation-dependent behavior of both living and fixed chondrocytes is a potential 15 

candidature to study living cell biomechanics. 16 
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Chondrocytes are cytoskeleton (CSK)-rich eukaryotic cells which are the mature cells in cartilage tissues 1 

performing a number of functions within the cartilage. Investigation of the mechanical properties and behaviors 2 

of chondrocytes plays an important role in understanding the cells’ in vivo biomechanical environment. The 3 

alteration of the mechanical properties of these cells is believed to be one of the main factors in the development 4 

and progression of osteoarthritis 
1, 2

. 5 

It is well-known that cells respond to their various mechanical environments that are caused by 6 

physiological conditions and diseases of which the cells are both the detectors and effectors. Physiological loads 7 

are usually applied at varying rates to achieve optimal biomechanical and biochemical outcomes in the body. 8 

Various studies have been conducted to investigate the effects of strain-rate on the mechanical responses of 9 

cartilages 
3-5

. These studies concluded that strain-rate and magnitude of loading greatly influence chondrocyte 10 

death 
6, 7

, and that the response of tissue can be transformed from the fluid-dominate to purely elastic behavior 11 

by changing the rate of loading 
4, 8

. However, little research has been conducted to investigate the strain-rate-12 

dependent mechanical deformation properties of single chondrocytes. It is hypothesized that chondrocyte cells 13 

have similar strain-rate-dependent characteristics since Moeendarbary et al. stated that “the rate of cellular 14 

deformation is limited by the rate at which intracellular water can redistribute within the cytoplasm” 
9
. The 15 

understanding of the strain-rate-dependent behavior of single cells is arguably a significant contribution that 16 

would provide insight into chondrocyte health in particular and cartilage dysfunction in general. 17 

Because of recent advances in nanotechnology, a number of advanced experimental techniques for the 18 

direct characterization and study of the mechanical behaviors of single living cells have been developed. One 19 

such technique is based on Atomic Force Microscopy (AFM) which is a state-of-the-art experimental facility for 20 

high resolution imaging of tissues, cells and artificial surfaces, including probing the mechanical properties of 21 

samples both qualitatively and quantitatively 
10-16

. Its principle is to indent the material/sample with a tip of 22 

microscopic dimension which is attached to a very flexible cantilever and the force is measured from the 23 

deflection of the cantilever to obtain the force-indentation (F-δ) curve 
15, 17, 18

. This powerful tool is increasingly 24 

applied in the study of cell responses to external stimuli such as mechanical and chemical loading.  25 

Thus, the aim of this study is to investigate the strain-rate-dependent mechanical properties of single 26 

chondrocytes using AFM. In order to explore the intracellular fluid predominant effect, the fixed chondrocytes 27 

were also investigated in this study since it is widely known that the CSK of fixed cells is stable 
19

 and thus is 28 

believed not respond to external mechanical stimuli as much as the intracellular fluid does. As a result, by 29 

comparing the strain-rate-dependent mechanical properties between living and fixed chondrocytes, it helps to 30 

shed an insight into the mechanisms underlying the dependency on the strain-rates behavior.  31 

The chondrocytes were collected, cultured, and prepared before any AFM testing (supplemental material, 32 

section 1 
20

). AFM system used was a JPK NanoWizard II AFM (JPK Instruments, Germany). A triangular 33 

colloidal probe CP-PNPL-BSG-A-5 (NanoAndMore GMBH) cantilever was used in the experiment. The 34 

colloidal probe is of diameter around 5 µm and its spring constant was determined to be 0.0217 N/m using the 35 

thermal noise fluctuations before the indentation testing. Fig. 1(a) shows the Scanning Electron Microscope 36 

(SEM) image of the colloidal probe cantilever used. The colloidal probe was used because Dimitriadis et al. 37 

have proven that the smallest radius of the tip used in this study should be              
21

 so that the tip 38 

do not prompt local strains that exceed the material linearity regime. In addition, it was proven that spherical 39 

tipped cantilevers give more accurate results than sharp tipped cantilevers 
21, 22

. Therefore, in this study we used 40 
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the colloidal probe whose radius is around 2.5 µm which was also used widely for single cell mechanical testing 1 
17, 18, 23

. The real diameter of the AFM bead, which is 5.44 μm, was measured using a Scanning Electron 2 

Microscope (SEM) (see Figure 1). 3 

 4 

Figure 1 (a) SEM image of colloidal probe cantilever used in this study (The inset shows the real diameter of the 5 

bead. Scale bar: 10 μm); (b) an indented living chondrocyte with a colloidal probe cantilever (Scale bar: 35 μm). 6 

In our experiments, we firstly adjusted the position of the cantilever so that the colloidal probe lining up 7 

with the central (nuclear) region of the cell by using the Zeiss light microscope. Each single chondrocyte was 8 

then repeatedly indented 10 times (m = 10) at each of the four different strain-rates which are 2.92, 0.292, 9 

0.0487, and 0.00487 s
-1

. The indentation testing was conducted by controlling the absolute displacements of the 10 

piezoelectric scanner in Z-direction. Thus, the force set point threshold was not used in our study. In this study, 11 

we tested both living (n = 20) and fixed (n = 22) chondrocytes and the force-indentation curves were then 12 

obtained and preprocessed using JPKSPM data processing software version 4.4.23 (JPK Instruments, Germany) 13 
24

. In order to investigate the strain-rate-dependent mechanical properties of chondrocytes, their Young’s moduli 14 

at each of the four strain-rates were extracted from the force-indentation curves by using modified Hertzian 15 

model proposed by Dimitriadis et al. 
21

. This model was developed for samples with finite thickness h which 16 

was measured based on a measurement technique to minimize the determination error (cell’s height 17 

measurement procedure is shown in supplemental material 
20

). Since colloidal probe cantilevers were used in 18 

our study, the relationship between the applied force F and indentation δ is: 19 
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where   √    , the constants     and    are functions of the material Poisson’s ratio   given below, E and R 21 

are Young’s modulus and the radius of the rigid indenter e.g. 2.72 µm in this study, respectively. Because the 22 

cells have strong bond with the petri dish substrate, the constants     and    are given below 
21

: 23 
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It is observed that there are two variables e.g. E and   in the above equation. It was investigated that the 26 

measured properties changed by less than 20% when varying Poisson’s ratio from 0.3 to 0.5 
25

. Thus for 27 

simplicity, the Poisson’s ratio of chondrocytes was assumed to be 0.5 in this study 
26

. As a result, the 28 

relationship between the applied force F and indentation δ becomes: 29 
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In order to determine the Young’s moduli of chondrocytes, a program was developed using Matlab R2013a 2 

(The MathWorks, Inc.) based on the automatic AFM force curve analysis algorithm proposed by Lin et al .
27

 3 

The behaviors of fixed chondrocytes were also studied and compared with that of living ones to study the 4 

effect of intracellular fluid. One-way analysis of variance (ANOVA) was employed using Minitab version 5 

16.1.1 (Minitab Inc. 2010) with statistical significance reported at 95% confidence level (p < 0.05) between 6 

living and fixed chondrocytes at each of the four strain-rates. 7 

Fig. 1(b) presents a typical indented living chondrocyte by a colloidal probe cantilever. Fig. 2(a) presents 8 

the force-indentation curves of a typical living and fixed chondrocytes. Also, Fig. 2 (b) and Table I show the 9 

average and standard deviation values of the Young’s moduli for these cells. It is observed that both living and 10 

fixed cells have similar mechanical behaviors, in which the cells become more flexible with the decrease of 11 

strain-rates. Not surprisingly, this strain-rate-dependent deformation behaviors of  chondrocytes are similar to 12 

the behaviors of articular cartilage tissue 
4, 28

.  13 

Note that the Young’s moduli of chondrocytes at low strain-rate determined in our study are consistent 14 

with published results 
17, 25

. It is believed 
4, 29

 that the mechanisms underlying the strain-rate-dependent 15 

mechanical behavior were because of both the viscoelasticity of the cellular CSK and the intracellular fluid. 16 

Thus, in order to study only the effect of the intracellular fluid on mechanical behaviors of single cells, without 17 

loss of generality, fixed chondrocytes were used because it has been found 
19

 that the solid CSK of fixed cells is 18 

stable and thus does not play so important role as the intracellular fluid in the mechanical response to external 19 

loadings. Thus, by investigating the strain-rate-dependent mechanical properties of the fixed chondrocytes and 20 

comparing to living chondrocytes’ ones, we can decouple the effect of viscoelasticity of the CSK.  21 

Table I. Young’s moduli (Pa) of living and fixed chondrocytes at four different strain-rates. 22 

Strain-rates 0.00487 s
-1

 0.0487 s
-1

 0.292 s
-1

 2.92 s
-1

 

Living chondrocytes 

(n = 20; m = 10) 
470.13 ± 752.46 707.45 ± 569.09 784.84 ± 546.75 1370.73 ± 873.35 

Fixed chondrocytes 

(n = 22; m = 10) 
2298.9 ± 1388.97

*
 2420.38 ± 2219.85

*
 2731.83 ± 1639.62

*
 3642.7 ± 2140.62

*
 

*p < 0.001 demonstrated that Young’s moduli of fixed chondrocytes are significant larger than those of living chondrocytes at all strain-rates. 23 

Fig. 2 (b) shows the average and standard deviation values of Young’s moduli of living and fixed 24 

chondrocytes at four different strain-rates. It is observed that fixed chondrocytes are stiffer at the high strain-25 

rate. It can be explained that at a high strain-rate the intracellular fluid does not move relative to the solid 26 

skeleton due to low permeability of the cell, as it is unable to escape quickly enough from the matrix and get 27 

trapped within the cell. It renders that the cell is almost incompressible because both fluid and solid constituents 28 

are incompressible. Therefore, the cell displays an almost classical elastic mechanical deformation response. In 29 

the other hand, the fixed chondrocytes were softer with decreasing of strain-rates corresponding to the reducing 30 

of Young’s moduli (Fig. 2 (b)). This is because the intracellular fluid plays a dominate role and is able to exude 31 

from the cells matrix during indentation at these relative low strain-rates. Since the fluid was flown out from the 32 

cell, the chondrocyte underwent a net volume change and is therefore compressible. This is called the 33 

consolidation-dependent deformation behavior. It is interesting to note that the Young’s modulus of fixed 34 

chondrocytes decreased dramatically with decreasing strain-rates of 2.92 to 0.0487 s
-1 

and reached an 35 
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asymptotic/limiting value at 0.00487 s
-1

. At such low strain-rate, the intracellular fluid can freely move through 1 

the solid CSK with very low resistance. Thus, it is believed that the strain-rate-dependent mechanical property 2 

of fixed chondrocytes is mainly governed by their intracellular fluid which plays an important role in cell 3 

biomechanics 
9
.  4 

 5 

Figure 2 (a) Force-indentation curves corresponding to four different strain-rates of a typical living and fixed 6 

chondrocyte; (b) Young’s moduli of living and fixed chondrocyte corresponding to four different strain-rates. 7 

Data are shown as mean ± standard deviation values. 8 

From Fig. 2 (b), it can be clearly observed that living cells also had similar behavior, of which their 9 

stiffness reduced with decreasing of strain-rates (Fig. 2 (b) and Table I). However, the living cells were 10 

significantly softer than the fixed cells at all strain-rates (p < 0.001, Table I). It can be explained as the fixation 11 

process alters CSK’s structure and properties 
30, 31

 which make the cells much stiffer than the living ones 
18

. This 12 

is possible since Jungmann et al. also reported that the actin networks reflect the elasticity of the cells 
32

. As 13 

observed in Fig. 2b, living chondrocytes’ elastic moduli reduced almost linearly with decreasing of strain-rates 14 

without reaching a plateau value at 0.00487 s
-1 

compared to fixed chondrocytes. It is believed that it is because 15 

the cellular CSK reorganized or unbound its cross-linkers to respond to external loadings during deformations 
33

 16 

which exhibits the important role of CSK especially at the low strain-rates. This is reasonable as Chahine et al. 17 

reported that there was no significant remodeling of actin and intermediate filaments observed during repetitive 18 

loading at the strain-rate within the intermediate range used in our study 
34

. From the above discussions, it is 19 

concluded that both of the cellular CSK and intracellular fluid are important factors in controlling cellular 20 

mechanical behaviors, whereas only the CSK shows its predominant effect on the living cells at relatively low 21 

strain-rates. 22 

As discussed above, both the CSK and intracellular fluid play important roles in the strain-rate-dependent 23 

mechanical behavior of the cells. In addition, it is widely known that the cell membrane is a porous and semi-24 

permeable membrane gleaning certain substances to infiltrate the cell while keeping other substances out to 25 

protect the interior of the cell 
35

. Thus, it is believed that the cytoplasm of the living cells behaves as a 26 

poroelastic material 
9, 36

, and also that of the fixed cells as observed in this study. This continuum model has 27 

been extended to include hyperelastic response of the non-linear solid skeleton leading to the porohyperelastic 28 

(PHE) material model (supplemental material, section 2 
20

). It considers the cell as consisting of an 29 

incompressible hyperelastic porous solid skeleton, saturated by an incompressible mobile fluid. This model 30 

which can account for the non-linear behaviors, fluid-solid interaction and rate-dependent drag effects is 31 

potentially a good candidate for investigating the responses of a cell to external loading and other load-inducing 32 

stimuli 
37

. During attempting to apply PHE model in chondrocytes, we observed that both solid and fluid 33 
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material parameters affected the performance of the model in simulating the strain-rate-dependent behavior. 1 

Thus, we believed that the PHE model can also be used to investigate the effect of both the CSK and the 2 

intracellular fluid in strain-rate-dependent mechanical deformation behavior of chondrocytes. In the same time 3 

this model has other advantages including that we can utilized all well-developed hyperelastic constitutive 4 

relationships such as Neo-Hookean, Mooney-Rivlin, Fung-Mooney, etc. and this constitutive law has been 5 

integrated in a commercial finite element software e.g. ABAQUS. Although the PHE model has been widely 6 

and effectively utilized in the tissue engineering at macroscale, e.g. the articular cartilage modelling 
28, 38

, and 7 

other poroelastic tissues 
39-42

, its application in the modelling of the single living cell is significantly limited.  8 

To investigate the performance of the PHE model applying to single chondrocytes, the finite element 9 

analysis (FEA) models for living and fixed chondrocytes based on ABAQUS using the PHE model were 10 

developed (FEA model of chondrocytes and PHE material parameters determination procedure are shown in 11 

supplemental material 
20

). Fig. 3 has proven that the PHE model can capture the consolidation-dependent 12 

behavior of both living and fixed chondrocytes. We can conclude that the PHE constitutive model is a promising 13 

constitutive model to simulate the strain-rate-dependent property as well as other behaviors of single cells, 14 

although we will conduct studies for numerical modelling of other types of cells in our future work. 15 

In summary, this study investigated the strain-rate-dependent mechanical property of living and fixed 16 

chondrocytes using AFM. The results revealed that both living and fixed cells have similar mechanical 17 

deformation behavior, of which their stiffness reduced with decreasing of strain-rates, and that both CSK and 18 

the intracellular fluid governed the strain-rate-dependent property of living cells when the fixed chondrocytes’ 19 

behavior is mainly governed by their intracellular fluid which is called consolidation-dependent deformation 20 

behavior. Finally, the porohyperelastic (PHE) constitutive model is developed based on the experimental results. 21 

It has been found that the PHE model can capture the consolidation-dependent behavior of both living and fixed 22 

chondrocytes. Therefore, we report that the PHE model is a suitable mechanical constitutive model for cell 23 

biomechanics.  24 

 25 

Figure 3 Experimental and PHE force-indentation curves of a typical (a) living and (b) fixed chondrocyte at four 26 

different strain-rates. 27 
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