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Measurement of 3D Deformation Field of ECM Generated
by Mesenchymal Stem Cell Using DVC Method

Yasuyuki Morita, Naoki Kawase, Takashi Yamauchi, and Yang Ju

Abstract Cells maintain homeostasis and express various functions by interacting mechanically with cell-adhesive matrix.
As regarding cellular differentiation, it has been found that elasticity of the matrix determines differentiation lineage of
mesenchymal stem cells (MSCs). The direct quantitative measurement of the mechanical interaction between MSC and
matrix for differentiation, however, has not been performed. In the present work, the displacement field of the cell-adhesive
matrix was observed quantitatively using digital volume correlation (DVC) method. In practice, the cellular traction stress
was analyzed when the MSC differentiated into neuron or osteoblast on the soft or hard elastic matrix, respectively.
Then, function of non-muscle myosin II (NMM II), which plays an important role in intracellular cytoskeletal dynamics,
was investigated in cellular differentiation. As a result, the mechanical interaction between the cell and the matrix was
dependent upon the elasticity of the matrix. Additionally, it has been shown that mechanical interaction between intracellular
cytoskeleton and cell-adhesion matrix is indispensable for cellular differentiation.
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2.1 Introduction

MSC (Mesenchymal Stem Cell or Multipotent Stromal Cell) has self-renewal ability and plasticity. The MSCs can
differentiate into wide variety of cells such as osteoblasts, chondrocytes, adipocytes, myocytes, cardiomyocytes, neurons
etc [1–3]. They must have great promise with respect to stable supply of various mature cells in regenerative medicine
since they are harvested relatively easily from bone marrow. Therefore, control technique of the stem cell differentiation
is indispensable from the view point of steady cell supply. Mechanical stimulus [4–8] would be one of the prospective
technologies for controlling differentiation because it is simple and easy although diverse technologies such as chemical
factor [9], electrical and magnetic stimulus [10], and co-culture system [11, 12] have been developed. It has been becoming
increasingly clearer that cell differentiation has a close relationship with mechanical microenvironment of extracellular
matrix (ECM) around the cell [13, 14]. Engler et al. elucidated that only elasticity of cell-adhesive matrix was able to
determine cellular differentiation lineage [15]. This knowledge is one of the crucial achievements to carry forward cell-
differentiation controls due to mechanical microenvironment. However, there have been no reports to bring out in terms of
mechanical interaction between cell and ECM with different matrix elasticity.

In the present work differentiation lineage of human bone marrow MSCs (hBMSCs) and three dimensional displacement
field of cell-adhesive matrix produced by a hBMSC were evaluated quantitatively when the hBMSC was cultured on the two
kinds of considerably different elasticity ED 0.5 kPa (soft) and 37 kPa (hard) in the cell-adhesive matrix. The differentiation
assessment was performed by two ways morphological and gene expression evaluations. The 3D displacement field was
analyzed by a digital volume correlation (DVC) method [16] using a confocal laser scanning microscope (CLSM) (FN1CSU;
Nikon Instech). The 3D–traction stress of the cell was also obtained quantitatively. Furthermore the same evaluations the
differentiation assessments and the gene expression levels were performed if intracellular non-muscle myosin II (NMM II)
which plays an important role in cytoskeletal dynamics inside cell [17] was inhibited.
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2.2 Materials and Methods

2.2.1 Cell Culture

HBMSCs (UE6E7T-3; Riken Cell Bank) were maintained in low-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Wako Pure Chemical Industries, Ltd.) containing 10% fetal calf serum (Invitrogen) and 0.05% gentamicin (Invitrogen) at
37 ıC under an atmosphere of 5% CO2 in a humidified incubator. At near-confluence, which occurred every 5–7 days,
the cells were detached from 25 cm2 culture flasks (BD Biosciences) with 0.25 w/v% Trypsin-1 mM EDTA (Wako Pure
Chemical Industries, Ltd.). Actin-GFP (Molecular Probes) was added into the suspension of the hBMSCs to stain the
intracellular actin filaments for cellular morphology observation. Then, the cells were seeded onto polyacrylamide gel whose
surface covered with a cellular adhesion molecule, human fibronectin (FN; Corning Incorporated Life Sciences), as described
in the following sections.

2.2.2 Preparation of Polyacrylamide-Matrix Gel

Solutions of acrylamide (10 w/v%; Kanto Chemical Co., Inc., Tokyo, Japan) and N, N-methylene-bis-acrylamide (BIS;
Kanto, Chemical Co., Inc.) were mixed with distilled water to fabricate the polyacrylamide. The blending quantity of BIS was
0.003 and 0.07 w/v% to change elasticity of the polyacrylamide. For measurement of 3D-displacement field by DVC method,
fluorescent micro-particles (1.0-�m diameter, Molecular Probes) suspension was added to the polyacrylamide solution with
10 w/v% ammonium persulfate (Kanto, Chemical Co., Inc.) and TEMED (Amresco) which work as polymerization initiator
and accelerator, respectively, in a volume ratio of 100 (polyacrylamide): 9 (micro-particles): 1 (ammonium persulfate): 1
(TEMED). 6 �l of the acrylamide solution was pipetted on the surface of a glass based dish which coated with aminosilane
(Iwaki). Then, a cover glass (10-mm diameter, Matsunami Glass) was put onto the solution to make the top surface flat.
Polymerization was allowed to proceed at room temperature for 5 min. Then, the polyacrylamide-matrix gel was thoroughly
rinsed with distilled water. The typical geometry of the matrix was approximately 10 and 80 �m in diameter and thickness,
respectively. The two kinds of elastic moduli of the polyacrylamide gel contained BIS of 0.003 or 0.07 w/v%, were 0.5 or
37 kPa, respectively. The elastic modulus of the matrix was determined by the penetration method [18].

2.2.3 Coating of the Polyacrylamide Matrix with Human Fibronectin

The human fibronectin was conjugated to the top surface of the acrylamide matrix using hetero-bifunctional crosslinker,
sulfo-SANPAH (Terumo), to promote cell attachment to the polyacrylamide matrix. The typical thickness of the fibronectin
layer was approximately 1 �m as determined by CLSM.

2.2.4 Cell Seeding and Differentiation Evaluation

The hBMSCs were seeded onto the matrix with low density of 1.6 � 104 cells, and cultured for 24 h. Two kinds of
evaluation techniques for cellular differentiation, morphological assessment and gene expression analysis, were employed.
In the morphological assessment, parameters of branches B and roundness R were adopted for evaluation of neurogenic
and osteogenic differentiation, respectively. Meanwhile, enolase 2 (Eno2) and runt-related transcription factor 2 (Runx2)
gene expression levels were analyzed using quantitative reverse transcription polymerase chain reaction (qRT-PCR) for the
another differentiation evaluation, respectively. Eno2, commonly included in axon processes of neurons, is one of the specific
enzymes of glycolysis [19]. Runx2 is an essential transcription factor for osteogenic differentiation [20]. Figure 2.1 shows
the experimental arrangement in this study.

2.2.5 DVC Measurement and Calculation of Displacements, Strains, and Stresses

The full field 3D displacements of the polyacrylamide matrix were determined using CLSM and DVC method [21]. The DVC
algorithm was referred to Ref. 16. In brief, confocal volume images of cell-seeded polyacrylamide matrix with randomly
dispersed fluorescent particles were obtained after 24 h which the hBMSCs were seeded onto the matrix. The acquired
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Fig. 2.1 Experimental arrangement. Fluorescent microparticles (1.0 �m diameter) were spread inside polyacrylamide-matrix gel for 3D
displacement measurement by DVC. The typical geometry of the matrix was approximately 10 mm and 80 �m in diameter and thickness,
respectively. Human fibronectin (approximately 1 �m thickness) was coated on the top surface of the matrix. HBMSCs were seeded onto the
matrix at a density of 2.0 � 102 cells/mm2. 3D confocal image stacks were acquired by CLSM that captured the emission from the fluorescent
microparticles

volume of the matrix was 300 � 300 � 50 �m3, corresponding with 512 � 512 � 167 voxels. Then, the confocal volume
images were also obtained at the same position after 15 min. The stacked images were divided into a set of subvolumes that
were centered on an area of interest. The local displacement vector can be obtained using a pair of corresponding subvolumes
images through a three-dimensional volume correlation method. This was performed mathematically by representing the
intensity patterns of each subvolume by two intensity functions f (x) and g(x) that have been translated relative to one another
by a displacement vector c of each subset within the confocal volume image can be calculated through the cross-correlation of
the two subset intensity functions [22]. The DVC algorithm programmed in this study was achieved displacement sensitivity
of 41 nm with the CLMS. Finally, from the result of the 3D displacement field, traction stress of the cell was calculated along
the top surface of the matrix, directly beneath the cell using the known Cauchy relationship: T D � n, where T is the 3D
surface traction stress vector, � is the material stress tensor, and n is the surface normal. The complete mathematical details
for determination of the traction stress can be found in Ref. 23.

2.2.6 NMM II Inhibition

As the final experiment, intracellular non-muscle myosin II (NMM II), which is likely to be involved in exerting force
through focal adhesions in mechanisms of sensing matrix elasticity [15], was inhibited by blebbistantin (Sigma-Aldrich). The
blebbistantin was added with the concentration of 50 �M after 6 h following the cells were seeded onto the polyacrylamide
matrix.

2.2.7 Statistical Analysis

The number of samples, n, was indicated in each figure. The paired Student’s t test was used for statistical analyses, and p
values <0.01 and 0.05 were taken to indicate statistical significance.

2.3 Results and Discussion

The results of the cells without NMM II inhibitor whose data are plotted in red of Figs. 2.2 and 2.4, have been focused
on initially. Figure 2.2a shows the morphological analysis for cellular differentiation with the elastic modulus of the
polyacrylamide matrix. The cellular morphology was dependent upon the elastic modulus. There were also big differences
with respect to the mRNA expression levels of Eno2 and Runx2 in the two kinds of elastic modulus of the matrix as shown
in Fig. 2.2b. Namely, the maximum value of the expression levels for each marker, Eno2 and Runx2, was obtained on the
matrix of E D 0.5 and 37 kPa, respectively. These results indicate that the differentiation of hBMSCs was dependent upon
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Fig. 2.2 Evaluation of differentiation of hBMSCs with elastic mudululs of polyacrylamide matrix. (a) Morphological analysis. Branches (left),
roundness (right). Inset indicates the representative phase-contrast cell image at the maximum value without NMM II inhibitor. (b) mRNA
expression levels. Eno2 for neurons (left), Runx2 for osteoblasts (right). Red and blue data represent without and with NMM II inhibitor,
respectively. n indicates the number of samples. All data are indicated by Mean˙ SEM. **p < 0.01, *p < 0.05. NSD not significant

Fig. 2.3 Absolute displacement field of polyacrylamide matrix generated by cell without NMM II inhibitor. (a) Elastic modulus ED 0.5 kPa. (b)
E D 37 kPa. Figures indicate the displacement field on the matrix. Inset indicates confocal fluorescence micrographs of the cell

the elasticity of the polyacrylamide matrix, and they underwent differentiation into neurons on E D 0.5 kPa, and osteoblasts
on ED 37 kPa, respectively. This differentiation lineage agreed well with the findings of Engler et al. [15]. The displacement
field generated by the cell on each elastic modulus of the matrix was shown in Fig. 2.3. The displacement denotes the absolute
displacement. It suggests that a hBMSC produced large deformation (high displacement and wide area) to the matrix and
differentiated into a neuron if the matrix was relatively soft. In contrast, it indicates that a hBMSC made small deformation
(low displacement and narrow area) to the gel substrate and differentiated into a osteoblasts if the matrix was relatively hard.
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Fig. 2.4 Maximum traction
stress, T, of hBMSCs in each
elastic modulus of the matrix.
Blue and red data represent with
and without the NMM II
inhibitor, respectively. n indicates
number of samples. All data are
expressed as the means˙ SEM.
** p < 0.01, * p < 0.05

Figure 2.4 shows the maximum cell-induced traction stress in each elastic modulus of the matrix. The maximum traction
stress of the cell was dependent upon the elastic modulus of the matrix, and inversely correlated with the displacement trends
shown in Fig. 2.3.

The maximum cell-induced traction stress of the respective elastic modulus is shown in blue in Fig. 2.4, when the
intracellular NMM II is inhibited. There was big difference in terms of the traction stress values compared to it without NMM
II inhibition (shown in red, Fig. 2.4). These results weren’t attributable to cytotoxicity of NMM II inhibitor (blebbistantin).
The results of the differentiation assessment were shown in Fig. 2.1. There were no clear differences with respect to
the morphological evaluation and the gene expression levels in each elastic modulus of the matrix. It says that the cells
didn’t differentiate into either neurons or osteoblasts. NMM II is one of the vital factors of actin structures in intracellular
cytoskeletal dynamics [24]. Furthermore, these actin structures are connected to focal adhesions which provide the pathway
of force transmission from inside the cell to elastic matrix [25]. Therefore, it indicates that cytoskeleton plays an important
role in mechanical interaction with elastic matrix [26], and acts a key function in cellular differentiation.

2.4 Conclusions

In summary, mechanical fields of elastic matrix and hBMSCs were measured using DVC method to investigate whether the
elastic modulus of the matrix determined the differentiation lineage of hBMSCs. The hBMSCs produced large deformation
to the matrix when the matrix was soft (ED 0.5 kPa) and opposite when the matrix was hard (ED 37 kPa). The traction stress
of the cell produced, however, became higher when the matrix was hard. Moreover, it suggests that mechanical interaction
between elastic matrix and intracellular cytoskeleton is crucial for cellular differentiation. Evaluating the mechanical
fields in the mechanical interaction of stem cell differentiation has no precedent and will provide important knowledge
in mechanobilogy of differentiation.
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