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Abstract 

Epithelial tissues have a variety of functions such as protection, secretion and 

absorption. Appropriate mechanical properties of epithelia are essential to achieve these 

functions. Based on the indentation technology, we combine experiments, theory, and 

simulations to characterize the mechanical properties of epithelial monolayers. We 

measure the Young’s modulus of in vitro cultured epithelial cell monolayers, including 

MCF-10A human breast epithelial (MCF-10A) cell monolayers and Madin-Darby 

Canine Kidney (MDCK) cell monolayers. It shows that the elastic moduli of the two 

kinds of cell monolayers (~1 MPa) have the orders of magnitude larger than those of 

the constituent cells (~1 kPa) in an isolated state, suggesting a critical role of 

intercellular interactions via cell–cell junctions in contributing to tissue stiffness. We 

also find that the elastic modulus of epithelial cell monolayers increases non-linearly 

with the cell density: MCF-10A cell monolayers exhibit a sharp increase in modulus 

beyond a critical cell density of ~3000 mm-2, indicating a fluid-to-solid transition as the 

cell density increases. Our findings reveal the significant contribution of cell density 

and intercellular interactions to the mechanical properties of epithelial tissues, and 

could provide mechanical insights into the tissue stiffness changes involved in embryo 

or tumor development. 
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Introduction 

Much has been understood about the mechanical properties of single cells and their 

changes during physiological and pathological processes, based on a variety of 

experimental techniques including micropipette aspiration [1], optical tweezers [2], 

magnetic tweezers [3] and atomic force microscopy (AFM) [4]. However, cells rarely 

exist as isolated ones in living organisms. Instead, they are usually organized into sheets 

or clusters to form tissues, through cell–cell junctions [5]. Among them, the simplest 

tissue is a quasi-two-dimensional structure composed of a monolayer of closely packed 

cells. As the most common cell monolayer in living organisms, epithelial tissues widely 

exist on the outer surfaces of various organs in the digestive, respiratory and 

reproductive systems, and on the inner surfaces of tubular structures such as blood 

vessels and secretory ducts of glands. Despite their simple structures, epithelial tissues 

act as crucial physical barrier, secretory or absorption channel, cover the surface of 

other tissues and are in direct contact with the external environments, thus bearing large 

mechanical loads and deformations. For example, the alveoli composed of epithelial 

monolayer undergoes periodic deformations during respiration; the intestinal 

epithelium is subjected to stretching deformations during intestinal peristalsis; and the 

inner surface of blood vessels is exposed to fluid shear stress. 

Appropriate mechanical properties of epithelial tissues are essential to ensure the 

normal physiological functions, while abnormal mechanical properties can lead to 

diseases [6, 7]. Cells can actively change their mechanical properties by cytoskeleton 

reorganization in response to external mechanical stimulations [8–11]. A variety of 

pathological processes are usually accompanied by the dysfunction of cytoskeleton, 

which thus leads to changes in mechanical properties of cells and tissues at both cellular 

level and tissue level. For instance, at the cellular level, malaria-infected red blood cells 

show abnormally high stiffness [12]. The stiffness of cancerous cells is roughly an order 

of magnitude lower than that of normal cells [13]. At the tissue level, mesenchymal 

stem cell monolayers commonly exhibit higher stiffness than epithelial cell monolayers 

[14]. Tissue sclerosis is a hallmark of many diseases including pulmonary fibrosis, liver 

cirrhosis and arteriosclerosis [15]. Therefore, characterizing the mechanical properties 

of cell monolayers could not only deepen our understanding of various physiological 

and pathological processes such as embryo development, tissue morphogenesis and 

tumor invasion, but also provide a mechanical basis for disease diagnosis and tissue 
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engineering. However, the mechanical properties of cell monolayers are quite different 

from and cannot be inferred from those of isolated cells due to intercellular interactions. 

In this study, we propose an experimental protocol to characterize the mechanical 

properties of epithelial cell monolayers using the indentation technology. We develop a 

theoretical model, which accounts for both the bending deformation and the contact 

deformation, to describe the mechanical response of a cell monolayer under indentation. 

The Young’s modulus of Madin-Darby Canine Kidney (MDCK) cell monolayers and 

MCF-10A human breast epithelial (MCF-10A) cell monolayers are characterized. It 

shows that the Young’s modulus of cell monolayers is associated with cell density and 

cell–cell junctions, where the higher cell density and tighter cell–cell junctions lead to 

a higher Young’s modulus. 

Materials and methods 

The mechanical properties of free-suspended cell monolayers have been studied 

previously [16]. However, the removal of the extracellular matrix (ECM) may lead to 

significant changes in the state of cell monolayers, e.g., cell–ECM adhesions. In order 

to characterize the mechanical properties of cell monolayers under conditions closer to 

normal physiological conditions, we design an experimental scheme as shown in Fig. 

1(a). We first prepare collagen scaffold on perforated glass sheet and then culture cells 

on it. We characterize the mechanical properties of the composite bilayer formed by 

cells and collagen after cells reaching confluence. Afterwards, we remove cells by 

trypsin digestion and characterize the mechanical properties of the collagen monolayer 

through indentation again. With this experimental scheme, we can infer the mechanical 

properties of the cell monolayer, based on the directly measured mechanical properties 

of the collagen monolayer and the composite bilayer. 
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Fig. 1 Experimental setup for the measurement of mechanical properties of cell 

monolayers. (a) Schematic diagram of the experimental scheme. (b) The experimental 

device. Scale bar = 5 mm. (c) Fluorescence image of a MDCK cell monolayer cultured on 

collagen scaffold, with cross-sectional views. Scale bar = 200 μm. 

 

Device assembly 

We design perforated glass sheets with inner and outer diameters of 1.5 mm and 

18 mm, respectively, and a thickness of 200 μm for cell monolayer preparation. 

Considering the adaptability with the microscope, the special experimental device is 

assembled based on Petri dishes of size 35 mm in diameter. Firstly, glass capillary with 

outer diameter of 1 mm is cut into small segments with a length of 30 mm. Two of these 

segments are placed in the dish, parallel to each other with a distance of approximately 

10 mm, and fixed with hot glue at both ends. After that, we place the perforated glass 

sheet on the capillary and fix it with hot glue. An example of the experimental device 

is shown in Fig. 1(b). 

Preparation of the collagen scaffold 

The collagen gel solution is prepared on ice by mixing collagen type 1A, sterile 

water, 5× DMEM and collagen reconstitution buffer in a ratio of 5:2:2:1 [17]. The 

collagen reconstitution buffer is made by dissolving 500 μL of 1 M NaOH solution, 2 

mL of 1 M HEPES and 0.22 g NaHCO3 in 10 mL of sterile water. To quantify the 
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thickness of the collagen monolayer, fluorescent microbeads are added to the prepared 

collagen gel solution in a ratio of 1:1000 and vortexed for 2 minutes to make them 

uniformly dispersed in the collagen gel solution. Note that in the preparation of the 

collagen gel solution, the reagents must be added in the correct order and mixed 

thoroughly. The collagen gel solution should be freshly prepared before each 

experiment. 

After the preparation of the collagen gel solution, we use a 200-μL pipette tip to 

aspirate 150 μL of the collagen gel solution and generate a droplet suspended on the 

hole of the glass sheet. In order to form a more complete cell monolayer, we spread the 

collagen gel solution on the unperforated part of the glass sheet as well. Then, we 

carefully move the device to a cell incubator (37℃) for 3–4 hours. The scaffold will be 

gradually dried and appears thin and flat on the glass sheet, as shown in Fig. 1(b). 

Cell culture on devices 

We use Madin-Darby Canine Kidney (MDCK) cells and MCF-10A human breast 

epithelial cells (MCF-10A) in our experiments. These two kinds of cells are cultured at 

37℃ in an atmosphere of 5% CO2 in air. The medium of MDCK cells is DMEM 

supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin. The 

medium of MCF-10A cells is DMEM/F12 supplemented with 5% (vol/vol) HS, 1% 

(vol/vol) penicillin-streptomycin, 10 μg/mL insulin, 10 ng/mL EGF, 100 ng/mL cholera 

toxin and 0.5 μg/mL hydrocortisone. 

Before seeding cells, we first add the corresponding medium to the Petri dish until 

the collagen scaffold is completely submerged. Cells are then peeled off from the 

bottom of the culture dish using trypsin-EDTA, then centrifuged (5 minutes at 1000 

rpm at room temperature) and resuspended to a concentration of 4 million cells per mL 

using the culture medium. Approximately 4×105 cells (100 μL) are placed onto the top 

of the collagen scaffold and incubated under normal growing conditions until they reach 

confluence, covering the whole top of the scaffold, which takes approximately 48 h. 

The confluent cell monolayer grown on collagen scaffold is shown in Fig. 1(c). 

Force measurement 

We use Piuma Nanoindenter (Optics11 Life, Amsterdam, The Netherlands) for 

indentation experiments and adopt displacement loading mode. To avoid excessive 

displacement that may lead to contact between the probe base and the sample and cause 

damage to the probe, the maximum displacement is set to 10 μm. We have verified that 
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the maximum displacement of 10 μm is sufficient for the measurement of the linear 

elastic mechanical properties. Further, we control the strain rate ranging from 3.56×10-

6 s-1 to 1.78×10-5 s-1 by adjusting loading time, and the results show that strain rate has 

little effect on the indentation response of samples. The loading time is finally set as 20 

seconds and the corresponding strain rate is 4.44×10-6 s-1. 

We first characterize the composite bilayer consisting of cell monolayer and 

collagen scaffold by indentation. Then, the samples are incubated with trypsin to 

remove cells, the incubation time is 30–45 minutes for MCF-10A cells and 120–150 

minutes for MDCK cells. The remaining collagen monolayer will be characterized by 

indentation again to decouple its effect. The processing and analysis of experimental 

data is performed in MATLAB (Mathworks, Natick, MA, USA). 

Theoretical model 

Theoretical model for indentation response of homogeneous monolayers 

We show the model sketch of the indentation test for freestanding circular film 

under clamped boundary condition in Fig. 2(a). There are mainly two kinds of classic 

theoretical models to describe the indentation response, including the membrane model 

and the plate model. The membrane model assumes that flexural rigidity is negligible 

compared to tensile rigidity, and thus the deformation is dominated by stretching. 

Begley and Mackin [18] proposed an analytical expression to describe the indentation 

response of a clamped circular membrane with a frictionless spherical indenter. 

Assuming an incompressible layer without pre-stretches, the load–deflection 

relationship reads 

 

3/4 1/3
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where su  is the deflection at the center of the membrane, F is the load exerted by the 

indenter, R is the radius of the indenter, h and a are the thickness and the radius of the 

membrane, and E is the Young’s modulus of the membrane. In contrast, the plate model 

ignores the effect of stretching and focuses on the bending deformation. Based on the 

Kirchhoff-Love plate theory, the load–deflection relationship reads 
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for clamped boundary conditions, and 
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for simply supported boundary conditions, respectively. Here,   is the Poisson’s ratio 

of the plate. In addition, Scott et al. [19] demonstrated that the penetration depth of the 

indenter into the film may be comparable with the overall deflection of the film for soft 

materials. Thus, the deformation due to contact cannot be ignored. 

Here, we consider all these effects, including stretching, bending and contact 

deformations. We propose a spring model to describe the indentation response of free-

suspended monolayers, as shown in Fig. 2 (b). In order to quantify the contributions of 

bending and stretching in the indentation response, Komaragiri et al. [20] proposed a 

dimensionless parameter in the case of zero pre-stretch as 
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Begley et al. [18] showed that for a circular film with clamped boundary and subjected 

to a point load at its center, when 85  , bending deformation dominates; while when 

43 10   , stretching deformation dominates. 
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Fig. 2 Theoretical model to describe the indentation response of monolayers and 

numerical verification. (a) Schematic diagram of the indentation test for freestanding films. 

(b) Spring model to describe the indentation response of a homogeneous monolayer. Here, 

  represents the contribution of stretching during indentation, 
su , 

bu  and 
cu  represent 

the displacement caused by stretching, bending and contact, respectively. (c) Simplified 

spring model to describe the indentation response of a homogeneous monolayer. (d) 

Comparison of the contributions of the bending deformation and the stretching deformation 

to the total forces during indentation. (e) Contribution of the stretching deformation during 

indentation. (f) Comparison of the indentation response curves predicted by theoretical 

model and by numerical simulation. (g) Dependence of error due to model simplification on 

displacement. The inset is the curve after removing data near the origin. 
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It can be seen from Eqs. (1) – (3) that the proportional relationship between the 

load F and the Young’s modulus E is determined by the physical parameters listed in 

Table 1 for a given displacement, whether in the membrane model or in the plate model. 

Therefore, we can determine the F–E relationship in our experiments with the help of 

numerical simulations. In our experiments,By numerical simulations using the 

parameters listed in Table 1, we can estimate the dimensionless parameter 

exp 102.62    at the displacement of 10 μm. Thus neither bending deformation nor 

stretching deformation can be simply ignored. However, we notice that this value is 

very close to the critical value below which the stretching deformation can be ignored, 

and our experimental condition is not exactly the same as Begley et al. [18]. We thus 

employ numerical methods to verify whether the stretching deformation can be 

neglected to simplify the analytical solution. The numerical simulations are performed 

in ABAQUS (Dassault Systèmes Simulia Corp., Providence, RI, USA). The 

comparison between bending force and stretching force at different displacements is 

shown in Fig. 2(d). It shows that the contribution of stretching increases with the 

increase of displacement, but the maximum value is only about 0.1% (Fig. 2(e)), which 

is negligible compared with that of bending. Combining the above analysis, we next 

ignore the stretching deformation during indentation and simplify the model to two 

connected springs in series, which involves only bending and contact deformations, as 

shown in Fig. 2(c). Therefore, we superimpose the classical Hertz solution [21] and the 

load–deflection relationship obtained by the plate model to establish an analytical 

solution describing the indentation response of free-suspended monolayers with 

clamped boundary as 
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  is the classical Hertz solution for the contact 

deformation of a semi-infinite elastic medium penetrated by a rigid spherical indenter, 

assuming frictionless contact. Similarly, the analytical solution for monolayers with 

simply supported boundary is formulated as 
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We next examine the model simplification error. The concentrated force 

assumption is introduced in the derivation of analytical solution of plate model, while 

the indenter size is finite in the experiments. For a given displacement under clamped 

boundary condition, we compare the force calculated by the point load analytical 

solution with that given by the numerical simulation using a finite-sized indenter, as 

shown in Fig. 2(f) and 2(g). The results show that the load–deflection curves given by 

analytical solution and numerical simulation are essentially the same, and the relative 

error is about 2.5% at a displacement of 10 μm, at an acceptable level. This indicates 

that our model simplification has quite weak impact on the accuracy of the results, and 

the analytical solution given by Eqs. (5) and (6) can be used to analyze the 

experimental data of monolayer indentation. 

In addition, the above analytical solutions are derived based on clamped or simply 

supported boundary conditions, while the boundary condition in our experimental 

system is not strictly consistent with these two types of boundary conditions, as shown 

in Fig. 3(a). Meanwhile, the results of numerical simulations indicate that the boundary 

condition has a remarkable impact on the indentation response curve, as shown in Fig. 

3(b). We fit the data obtained from numerical simulations with the analytical solutions 

of monolayer indentation under clamped or simply supported boundary conditions, 

respectively, as shown in Fig. 3(c). Our analytical solution can well fit the data under 

the corresponding boundary conditions. However, neither of the two types of theoretical 

solutions can provide a good fit to the data obtained under the actual boundary condition. 

Therefore, it is necessary to correct the experimental data before analyzing them with 

the above theoretical solution. 
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Fig. 3 Effect of boundary conditions. (a) Schematics of different boundary conditions: (top) 

clamped boundary; (middle) simply supported boundary; (bottom) actual boundary. The 

bottom of the sample is fixed to the glass sheet outside the indentation area. (b) Indentation 

response curves obtained by numerical simulations under different boundary conditions. (c) 

The Young’s modulus fitted by theoretical solutions with indentation data from clamped, 

simply supported or actual boundary conditions shown in (b). The horizontal axis represents 

the theoretical solution taken in the fit for clamped boundary conditions (Eq. (5)) and simply 

supported boundary conditions (Eq. (6)), respectively. 

 

Theoretical model for indentation response of composite bilayers 

For the composite bilayer system, we assume that the individual layers are 

isotropic materials and there is no relative sliding. The load–deflection relationship of 

the circular composite plate subjected to concentrated force at its center under clamped 

boundary can be calculated using the transformed rigidity proposed by Pister et al. [22] 

as 
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where 1h , 1E  and 2h , 2E  are the thickness or the Young’s modulus of the top and 

bottom layer, respectively, and bE  is the effective bending Young’s modulus of the 

composite bilayer system. We further assume that the Poisson’s ratio of the top and 

bottom layers are the same, 1 2    . 

For Hertzian indentation on coating/substrate systems, Hsueh et al. [23] proposed 

the effective contact Young’s modulus as 

 c 1E E , (9) 

where   is formulated as 
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1  and 2  are functions of 1 c/h r , given by 
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where cr  is the radius of the contact area. Assuming a rigid spherical indenter and a 

semi-infinite elastic medium, the contact radius is calculated as [24] 

 c cr Ru  (13) 

We assume that the contact radius can be calculated in the same way for 

coating/substrate systems. Replacing the Young’s modulus in classical Hertz solution 

with Eq. (9), we obtain the modified Hertzian solution for coating/substrate systems, 
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We next superimpose Eqs. (7) and (14) to establish a theoretical solution for 

composite bilayers under clamped boundary conditions as 
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where ck  and bk  are the coefficients of two terms, respectively. In order to apply this 

model, we need two parameters, the ratio of the Young’s modulus 1 2/E E , and the ratio 

of the thickness of the cell monolayer to the contact radius 1 c/h r . It can be seen from 

Eq. (13) that the contact radius is related to displacement, which means that the 

correction factor    of the effective contact Young’s modulus cE   takes different 

values at different displacements. Thus we adopt the process shown in Fig. 4(a) to apply 

the above analytical solution. 

The displacement and force data are obtained experimentally. We start the data 

analysis with the indentation data of the collagen monolayer, which leads to the 

measurement of the Young’s modulus of the collagen monolayer 2E  . We further 

assume an appropriate value of the Young’s modulus of the cell monolayer 1E . For 

each point, the contact radius can be calculated by Eq. (13), and the two coefficients 

for theoretical solution bk  and ck can be obtained by substituting other known values. 

Then, we substitute the force data into Eq. (15) to calculate the fitted displacement ˆ
iu  

and the residual. Finally, we adjust the hypothesis on the Young’s modulus of the cell 

monolayer based on the residual sum of squares  , and choose 1E  that minimizes 

  as the fitted value of the Young’s modulus of the cell monolayer. 

We verify the above data analyzing method by numerical simulations. In the 

simulations, we set the Young’s modulus of the collagen monolayer as 2 1 kPaE   and 

change the Young’s modulus of the cell monolayer to obtain several data sets under 

different ratio of the Young’s modulus. Then, the data obtained by numerical 

simulations are analyzed with the procedure described above, where the input value of 

2E  is set as the true value 1 kPa. As shown in Fig. 4(b), the fitting error of the Young’s 

modulus of the cell monolayer gradually increases as the ratio of the Young’s modulus 

increases; the relative error between the fitted value and the true value is close to 70% 

when 1 2/E E  reaches 20. To ensure the accuracy of the theoretical model, we use this 

analytical solution only when 1 2/E E  is less than 10. 
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Fig. 4 Computational procedure and error analysis of the theoretical model describing 

indentation response of bilayers. (a) Flow chart of the application of theoretical solution 

for bilayer indentation to determine the Young’s modulus of a cell monolayer. (b) 

Dependence of the Young’s modulus of a cell monolayer calculated by theoretical solution 

and its relative error on the ratio of the Young’s modulus of a bilayer. (c) Dependence of the 

Young’s modulus fitting error of a cell monolayer on that of a collagen monolayer, under 

different ratio of the Young’s modulus of the bilayer. 

 

In addition, we further verify the effect of fitting error of 2E  on fitting error of 

1E . Here, we change the input value of 2E  in the same procedure and analyze the data 

obtained by numerical simulations again. As shown in Fig. 4(c), we find that the fitted 
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value of 1E  is sensitive to the fitting error of 2E  and the relationship between these 

two factors is related to the ratio of the Young’s modulus. It is better to keep the fitting 

error of 2E  within 5% to ensure the fitting error of 1E  less than 10%. 

Results 

We first analyze the force–displacement data of the collagen monolayer obtained 

by indentation, as shown in Fig. 5(a). We have shown that the analytical solution under 

clamped or simply supported boundary condition cannot provide a good fit to the 

experimental data. We next correct our experimental data by data obtained under 

clamped boundary conditions. The ratio of the force obtained under these two boundary 

conditions at the same displacement is taken logarithmically and then fitted linearly to 

obtain the boundary condition correction formula as 

 0.009482

cla exp1.0564F u F  . (16) 

Note that we focus on the Young’s modulus, which is obtained in the linear elastic 

region and the theoretical model is derived under the assumption of linear elasticity. 

However, the collagen monolayer exhibits nonlinear force–displacement relationship 

as the displacement increases. Thus we fit the experimental data with the theoretical 

model to check whether it is in the linear elastic region, and only select the data with 

great linearity (with the coefficient of determination 2 0.99R   ) for analysis. We 

analyze the experimental data with the theoretical solution describing indentation 

response of monolayers given by Eq. (5). The values of the parameters in the formula 

are set to be consistent with the real condition, as shown in Table 1. The Young’s 

modulus of collagen monolayers fitted by Eq. (5) are shown in Table 2 and Fig. 5(b). 

Table 1 List of the physical parameters in our experiments 
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Table 2 Young’s modulus of collagen monolayers E2 

 

Our experimental analysis shows that the Young’s modulus of collagen 

monolayers cultured with the same type of cells do not exhibit significant differences, 

as shown in Fig. 5(b). This indicates that the mechanical property of collagen 

monolayers is relatively stable. We also find that collagen monolayers cultured with 

MCF-10A cells exhibit significantly higher Young’s modulus, which may be caused by 

the difference in the form of interaction between different types of cells and the ECM. 

Based on the fitted Young’s modulus of collagen monolayers, we next analyze the 

force–displacement data of the composite bilayer using the procedure described in Fig. 

4(a). We show the indentation response curves of the composite bilayer formed by 

collagen and MDCK cells or MCF-10A cells in Fig. 5(c) and 5(d), respectively. We find 

that there are obvious groupings in the indentation data of the composite bilayer formed 

by MCF-10A cells and collagen. Thus, we label them into three groups for the 

convenience of subsequent discussion. 
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Fig. 5 Mechanical properties of collagen monolayers and preliminary analysis of 

indentation response of bilayers. (a) Indentation response curves of collagen monolayers. 

The series of red curves represent collagen monolayers that have been cultured with MCF-

10A cells. The series of blue curves represent collagen monolayers that have been cultured 

with MDCK cells. Each curve is obtained by averaging 5 data sets under the same 

experimental condition. (b) Young’s modulus of collagen monolayers cultured with different 

types of cells. (c) Indentation response curves of the composite bilayer formed by MDCK 

cells and collagen. (d) Indentation response curves of the composite bilayer formed by MCF-

10A cells and collagen. (e) Dependence of residual sum of squares for data fitting with 

theoretical solution of bilayer (Eq. (15)) on the hypothetical Young’s modulus of the cell 

monolayer. The red dot represents the Young’s modulus of the cell monolayer determined by 

theoretical model (Eq. (15)). Data shown here are obtained from a representative sample of 
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the composite bilayer formed by MDCK cells and collagen. (f) The theoretical indentation 

response curve is obtained by Eq. (15) using the Young’s modulus of the cell monolayer 

determined by theoretical model. It is compared with the indentation response curve obtained 

by the experiment. Data shown here come from the same experiment as in (e). 

 

For illustration, we take the first sample of composite bilayer formed by MDCK 

cells and collagen as an example. In this sample, the Young’s modulus of the collagen 

monolayer is 13.19 kPa. We have shown that the fitting error of the Young’s modulus 

of cell monolayers increases with the ratio of the Young’s modulus (Fig. 4(b)). 

Therefore, we set the range of the hypothetical Young’s modulus of the cell monolayer 

to 0–200 kPa in the data analyzing procedure, and the results are shown in Fig. 5(e) and 

5(f). We find that the best fitting value for the Young’s modulus of the cell monolayer 

has not been found within the range of 0–200 kPa. This indicates that the ratio of the 

Young’s modulus in our experiments exceeds the applicable range of the theoretical 

solution. Thus the indentation data obtained by our experiments are not suitable to be 

analyzed with the theoretical solution. 

We next design a new scheme to deal with the indentation data of composite 

bilayers, as shown in Fig. 6(a). In this new scheme, first, we input the fitted Young’s 

modulus of the collagen monolayer and the hypothetical Young’s modulus of the cell 

monolayer into the FEM (Finite Element Method) model, and perform numerical 

simulation to obtain the indentation response curve of the composite bilayer. Second, 

we compare the simulation result with the experimental data and check whether they 

match well (with the minimal residual sum of squares); if they do not match well, we 

will adjust the hypothetical value and repeat the above steps until we obtain a good 

estimate.  

We show the fitted value of the Young’s modulus of cell monolayers in Table 3. 

The Young’s modulus of cell monolayers not only exhibit a correlation with the cell 

type, but also exhibit intergroup differences among monolayers composed of the same 

type of cells, as shown in Fig. 6(b). Based on our experimental observations, we 

speculate that the difference in the stiffness of cell monolayers is caused by the 

difference in cell density within the monolayer. To verify this assumption, we count the 

cell density by cell segmentation, as shown in Table 4. We further show the Young’s 

modulus of cell monolayers as a function of the cell density in Fig. 6(c). It indicates 

that the difference in cell density can explain the difference in the mechanical properties 
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of cell monolayers. Furthermore, we find that the Young’s modulus of cell monolayers 

increases with the cell density. This is reminiscent of the previously reported fluid-to-

solid transition (or jamming transition) that takes place as a cell monolayer matures and 

ages, during which the cell monolayer exhibits more solid-like behaviors at higher cell 

densities [25–27]. Based on the stiffness-versus-cell density curve in Fig. 6(c), our 

experimental measurements indicate that the MCF-10A cell monolayers may undergo 

a fluid-to-solid transition at a critical cell density of ~3000 mm-2. 

Table 3 Young’s modulus of cell monolayers E1 

 

Table 4 Cell density within the monolayer 
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Fig. 6 Mechanical properties of cell monolayers. (a) Flow chart for determining the 

Young’s modulus of cell monolayers with numerical methods. (b) Young’s modulus of cell 

monolayers. (c) The Young’s modulus of cell monolayers as a function of the cell density in 

the monolayer. 

 

We further find that MDCK cell monolayers exhibit a higher stiffness than MCF-

10A cell monolayers (Fig. 6(b)). This might be explained by the difference in the cell 

density, see Fig. 6(c), but one cannot exclude the contribution of difference in cell–cell 

interactions. Both MDCK cells and MCF-10A cells belong to simple cuboidal epithelia 

cells, but there are some differences in cell morphology. MDCK cells exhibit regular 

polygonal morphology at low cell densities, while MCF-10A cells exhibit elongated 

shape at the same density, and only at high cell densities do they exhibit similar 

polygonal morphology. 

Rother et al. [28] investigated the mechanical properties of isolated cells of 

different cell lines with AFM, and found that the shear modulus of MDCK cells differed 
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from that of MCF-10A cells. Assuming isotropic and incompressible material of cells, 

the Young’s modulus of MDCK cells and MCF-10A cells can be estimated as 0.19 kPa 

and 0.47 kPa, respectively; both are much smaller (orders of magnitude) than those of 

corresponding cell monolayers. This indicates that intercellular interactions (via cell–

cell junctions) contribute critically to the stiffness of cell monolayers. Previous studies 

have shown that cell–cell junctions play an important role in maintaining the 

mechanical properties of cell monolayers. Harris et al. [16] treated the cell monolayer 

with EDTA (Ethylenediaminetetraacetic Acid) to cut off the intercellular interactions 

and found that the Young’s modulus of the monolayer decreased significantly. In our 

experiments, we find that MCF-10A cell monolayers and MDCK cell monolayers show 

different responses to trypsin treatment. It takes longer to destroy the cell–cell junctions 

of MDCK cells, indicating that MDCK cell monolayers form tighter cell–cell junctions 

than MCF-10A cell monolayers. Therefore, besides the cell density, the difference in 

intercellular interactions also contribute to the difference in the stiffness of MCF-10A 

cell monolayers and MDCK cell monolayers. 

Conclusions 

We have established an experimental system to characterize the Young’s modulus 

of cell monolayers based on the indentation technology, and applied this method to 

measure the Young’s modulus of MDCK cell monolayers and MCF-10A cell 

monolayers. We propose a theoretical model accounting for bending deformation and 

contact deformation to describe the indentation response of monolayers, and bilayers, 

respectively. Our results show that the Young’s modulus of cell monolayers is 

associated with cell density and collective state. A cell monolayer exhibits higher 

Young’s modulus as the cell density increases. Based on measurements of cell motions, 

previous studies have reported a fluid-to-solid transition of cell monolayers as they 

mature [25–27]. Our experiments provide a direct evidence on the collective state-

dependent stiffness of cell monolayers based on direct measurements of cell 

monolayers that undergo fluid-to-solid transition. In addition, intercellular interactions 

via cell–cell junctions are found to contribute critically to tissue stiffness. 

Although we have established the theoretical model describing indentation 

response of the composite bilayer, the proposed model has a relatively narrow 

applicable range, and the fitting error grows rapidly as the ratio of the Young’s modulus 

increases to large values (E1 /E2>10). We speculate that the error mainly results from 
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the approximate calculation of the contact radius. In our experiments, the total 

displacement is composed of bending deformation and contact deformation, and the 

contact radius only depends on the contact deformation. However, since the exact 

contribution of contact deformation in the total displacement is unknown, directly using 

the total displacement to calculate the contact radius will lead to inaccuracy. In addition, 

Hsueh et al. [23] pointed out that the contact radius for coating/substrate systems cannot 

be simply calculated using the solution of semi-infinite elastic medium. Further, the 

contact radius of a rigid spherical indenter loading onto a coating/substrate system is 

affected by various factors and lacks a simple analytical solution [23]. Therefore, future 

attempts can be made to measure the contact radius experimentally, and thus broadening 

the application of the theoretical model and reducing the complexity of data analyzing. 

Our results show that the Young’s modulus of MDCK and MCF-10A cell 

monolayers roughly have the order of 1 MPa. This order of magnitude is different from 

those measured by tensile test [16] or cell monolayer deformation microscopy [14] in 

vitro, which is generally of the order of 1 kPa. However, using the travelling-wave 

optical coherence elastography technique, Feng et al. [29] measured the Young’s 

modulus of epidermis in male forearm skin as 4.57 ± 0.27 MPa, which is close to our 

measurement. The reason could lie in that our experimental scheme does not destroy 

cell–ECM adhesions, and thus the Young’s modulus of cell monolayers under 

conditions closer to normal physiological conditions is obtained. Finally, it should be 

noted that the cell monolayers in our experiments are different from the in vivo state.  

Nevertheless, since we take the cell–ECM interactions into account, in our method, the 

state of cell monolayers is more close to the in vivo state, as compared to other methods 

including the tensile test method [16] and the cell monolayer deformation microscopy 

method [14].  
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