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Abstract In the present study, we evaluated whether

stem cell-to-tenocyte differentiation could be evaluated via

measurement of the mechanical properties of the cell. We

used mechanical uniaxial cyclic stretching to induce the

differentiation of human bone marrow mesenchymal stem

cells into tenocytes. The cells were subjected to cyclic

elongation of 10 or 15 % at a cyclic frequency of 1 Hz for

24 or 48 h, and differentiation was assessed by real-time

PCR (rtPCR) determination of messenger RNA expression

levels for four commonly used markers of stem cell-

to-tenocyte differentiation: type I collagen, type III colla-

gen, tenascin-C, and scleraxis. The rtPCR results showed

that cells subjected to 10 % cyclic elongation for 24 or

48 h differentiated into tenocytes. Atomic force micros-

copy (AFM) was then used to measure the force curves

around the cell nuclei, and the AFM data were used to

calculate the elastic moduli of the cell surfaces. The elastic

modulus values of the control (non-stretched) cells differed

significantly from those of cells stretched at 10 % for 24 or

48 h (P \ 0.01). Confocal fluorescence microscopic

observations of actin stress fibers suggested that the change

in elastic modulus was ascribable to the development of the

cellular cytoskeleton during the differentiation process.

Therefore, we conclude that the atomic force microscopic

measurement of the elastic modulus of the cell surface can

be used to evaluate stem cell-to-tenocyte differentiation.
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Introduction

Tendons are a type of connective tissue which directly

attaches muscles to skeletal structures, permitting loco-

motion and enhancing joint stability [1–3]. Tendon inju-

ries, which can range from repetitive strain injury to

complete rupture, are often seen in athletes and other active

people, and the reduced functionality of the injured tendon

tissue can be devastating to everyday life. Tendon injuries

are difficult to manage; although spontaneous healing can

occur, it often results in the formation of scar tissue which

differs morphologically, biochemically, and biomechani-

cally from healthy tendon tissue [4]. Repaired tendon tissue

is impaired in its dynamic properties and strength [5–9];

thus, current treatments for tendon injury, both conserva-

tive and surgical, can be said to be limited in their effec-

tiveness [9].

The current lack of effective treatments for tendon

injury suggests a need for tendon tissue engineering, in

which a functional tissue replacement is produced in vitro

and then implanted into the body. In one approach, cells

capable of forming tendons are combined with a scaffold to

produce a construct that is then implanted into the injury

site to promote the formation of new tendon tissue.

Explanted tendon tissue is not an optimal source of suitable

cells for this procedure; however, the relatively acellular

nature of tendons means that only small numbers of cells

can be obtained from explanted tendon tissue [10]. Fur-

thermore, cells that are obtained from explanted tendon

tissue tend to be terminally differentiated with a very

limited proliferative capacity [11]. On the other hand, bone
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marrow mesenchymal stem cells (BMSCs) offer a high

proliferative capacity and pluripotency [12–16] and are

thus more commonly used.

Chemical stimulation with growth factors, such as

CTGF [17], GDF-5/BMP-14 [18, 19], and GDF-6/BMP-13

[20], have been often attempted to be used to enhance

tendogenesis. However, the use of chemical stimulation to

induce mesenchymal stem cell (MSC)-to-tenocyte differ-

entiation poses major difficulties, including the necessity

for optimization of the types and quantities of growth

factors and the possibility of immunologic rejection.

During everyday movement of the body, tendons are

subjected to numerous types of mechanical strain. Tendons

respond to mechanical forces by adapting their metabolism

and structural and mechanical properties [2]. Mechanical

stretching appears to influence human tendon fibroblast

proliferation [21] and to increase the production of colla-

gen, the primary constituent of tendon tissue [22–24].

Furthermore, the application of mechanical stretch appears

to stimulate MSCs to proliferate and differentiate into

tenocytes [25–27]. Therefore, mechanical stimulation is

being investigated as a simpler and safer differentiation-

inducing technique than chemical stimulation.

Cell differentiation is commonly assessed by measuring

gene expression levels for differentiation marker proteins

by real-time PCR (rtPCR). For the differentiation of MSCs

into tenocytes, the pathognomonic differentiation markers

are type I collagen (Col I), type III collagen (Col III),

tenascin-C (Tnc), and scleraxis (Scx), all of which are key

constituents of tendon tissue [28, 29]. However, the mea-

surement of gene expression levels is a complicated pro-

cedure which depletes the number of available samples,

despite its utility for the evaluation of cell differentiation.

In this study, we examined the potential usefulness of a

different approach for the evaluation of cell differentiation:

the use of atomic force microscopy (AFM) to measure the

mechanical properties of the cell. AFM allows accurate

measurement of the mechanical properties of individual

living cells. Although many researchers have investigated

the mechanical properties of cells [30–37], there have been

no reports from the perspective of cell differentiation

evaluation. Here, we used AFM to measure the elastic

moduli of MSCs induced to differentiate by mechanical

stimulation (specifically, a 1-Hz sinusoidal cyclic stretch at

10 or 15 % elongation over 24 or 48 h) and compared the

MSC-to-tenocyte differentiation results to those obtained

by rtPCR as described above. This analysis demonstrated a

statistically significant difference in the elastic moduli of

the 10 %-stretched, differentiated cells and the control

(non-stretched) cells. These findings, together with cyto-

skeletal observations obtained by confocal fluorescence

microscopy, demonstrate that MSC-to-tenocyte differenti-

ation can be evaluated by AFM.

Materials and Methods

Cells and Culture with Mechanical Cyclic Stretching

Human BMSCs (hBMSCs; cell line RCB2154; Riken Cell

Bank, Tsukuba, Japan) were maintained in low-glucose

Dulbecco’s modified Eagle’s medium (Wako Pure Chem-

ical Industries, Ltd., Osaka, Japan) containing 10 % calf

serum, 0.5 % GlutaMax, and 0.05 % gentamicin (all from

Invitrogen, Carlsbad, CA, USA) at 37 �C under 5 % CO2

in a humidified incubator (Astec, Fukuoka, Japan). The

medium was replaced with fresh medium every 3 days. At

near-confluence, which occurred every 7–10 days, cells

were detached from culture dishes with trypsin (Wako) and

seeded into new culture dishes. All hBMSCs used in this

study were at or before 28th passage to insure high pro-

liferative capacity.

A simple stretching device (STB-140; Strex, Osaka,

Japan) fitted with elastic, silicon rubber chambers (Fig. 1a)

was used to apply uniaxial, cyclic deformation. The elastic

chambers have a transparent bottom (20 9 20 mm2) which

is 100-lm thick and walls that are 9.9-mm tall (Fig. 1b).

The chamber is deformable by up to 20 % along a single

direction by the use of a grappling-hook device made of

stainless steel. Uniaxial deformation of the elastic substrate

Fig. 1 System for cell culture

with mechanical cyclic uniaxial

stretching. a Cell stretching

device with two elastic

chambers. b Geometry of

an elastic chamber
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is accompanied by a small degree of subsidiary deforma-

tion in the orthogonal direction because the sides of the

elastic substrate are allowed to deform. Although the

orthogonal deformation is suppressed by the thick walls of

the elastic chamber, a 10 % elongation induces up to an

approximately 4.9 % perpendicular retraction.

The elastic chambers were incubated in distilled water

in an ultrasonic bath for 15 min, placed in sterile phos-

phate-buffered saline (PBS; Cosmo Bio, Tokyo, Japan),

and sterilized by exposure to ultraviolet light in a sterile

hood for 30 min. They were then coated with fibronectin

(50 lg/ml in PBS; BD Biosciences, Franklin Lakes, New

Jersey, USA) for 3 h. Trypsinized hBMSCs were plated

onto the bottom of the chambers at a density of 1.0 9 105

to 1.3 9 105 cells/ml and cultured as described above for

2 days without cyclic stretching. Finally, 1-Hz uniaxial

cyclic stretching of 10 or 15 % elongation was applied to

the hBMSCs in the culture environment over 24 or 48 h.

The experimental conditions are summarized in Table 1.

Control cells were treated similarly, but were not subjected

to cyclic stretching. Cellular morphology was observed

using a phase-contrast microscope (IX71; Olympus,

Tokyo, Japan).

Quantitative rtPCR

When the cyclic stretching period was completed, a portion

of the cells was lysed, and their total RNA was isolated

using an RNeasy Mini Kit (Qiagen, Düsseldorf, Germany).

The purity and concentration of the RNA was assessed by

determination of the absorbance ratio at 260 and 280 nm.

Reverse transcription was completed using a High Capac-

ity RNA-to-cDNA Kit (Applied Biosystems, Carlsbad,

California, USA). Gene expression levels for glyceralde-

hyde 3-phosphate dehydrogenase (GAPDH; internal

control), Col I, Col III, Tnc, and Scx were analyzed using

pre-designed minor groove binder probes (Applied Bio-

systems), TaqMan PCR Master Mix (Applied Biosystems)

and a Light Cycler apparatus (ABI 7300; Applied Bio-

systems). Gene expression levels were calculated by the

standard curve method and normalized to gene expression

levels for GAPDH.

Col I molecules self-assemble into highly organized

fibrils which form collagen fibers [38]. Cross-linking of

these fibers in the extracellular matrix (ECM) gives them a

high tensile strength and provides mechanical strength for

tendon tissue [39]. Col III forms smaller, less organized

fibrils [40]. Tnc is thought to be involved in ECM forma-

tion, contributing to the mechanical stability of tendon

tissue through its interactions with collagen fibrils and

decorin, a proteoglycan [41]. Scx is a transcription factor

specifically expressed in tendons and ligaments. It is

involved in the activation of the proa1(I) collagen gene in

tendon fibroblasts [39].

AFM Measurement of Elastic Modulus

A commercial atomic force microscope (NanoMan VS-1N;

Bruker AXS, Madison, Wisconsin, USA) fitted with a sil-

icon-nitride cantilever (spring constant, 0.06 N/m; DNPS-

10; Bruker AXS) was used to obtain the elastic modulus of

individual cell surfaces. The geometry of the tip was

pyramidal with an opening angle of 25�. After AFM was

used to measure the force curves of a cell, the elastic

modulus of the cell was calculated by fitting the force

curves to the Hertz model assuming the contact area to be a

semi-infinite medium [42]. The elastic modulus E of the

cell was obtained from the following equation:

F ¼ pEd2

2ð1� v2Þ tan
a
2

ð1Þ

where F is the force (=0.05–0.3 nN) of the cantilever, d is

the indentation (=2–300 nm) of the cantilever; a is the

opening angle (=25�) of the tip of the cantilever; and m is

the Poisson’s ratio of the cell (=0.5 when the cells are

considered incompressible [43]). The range of fit of the

force curves was 0.05–0.3 nN, where the typical indenta-

tion of the cells was 2–300 nm, corresponding to less than

10 % of the cell thickness.

To obtain the elastic modulus of living cells, the walls of

the elastic chambers were cut and the chambers were

immersed in culture solution. Then, the AFM measurement

was performed on the cells in the solution. The temperature

of the culture solution was maintained at 37 �C using a

heater (Bruker AXS) during the measurement. Since the

values of elastic modulus change significantly at different

position of the cell, the force curves were acquired

approximately at the same position around the nucleus of

each cell (within a few micrometers of the nucleus

periphery) to prevent measurement errors in this study.

Confocal Fluorescence Microscopy

The internal architectures of the control and experimental

(stretched) cells were observed under a confocal fluores-

cence microscope (A1Rsi-N; Nikon Instech. Co., Ltd.,

Tokyo, Japan). For observation of the internal cytoskeleton

Table 1 Experimental conditions

Control cells group Mechanical stimulation

cells groups

Frequency (Hz) 0 1

Elongation (%) 0 10 15

Duration time (h) 0 24 48 24 48
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and nucleus, cells were fixed with 4 % paraformaldehyde

(Wako) for 15 min, permeabilized in 0.5 % Triton X-100

(Wako) in PBS for 15 min, rinsed with PBS, and stained

with FITC (Enzo Life Sciences, New York, USA)- or

DAPI (Calbiochem, Darmstadt, Germany)-tagged anti-

bodies, respectively.

Statistical analysis

The means and standard errors are reported for three repeat

samples in the rtPCR and fluorescence observation, and

nine repeat samples in the AFM measurement. The paired

Student’s t test was used for statistical analyses, and

P \ 0.01 and 0.05 were taken to indicate statistical

significance.

Results

Phase-contrast images showing the cellular morphologies

of the control cells and the 10 % (24 h)-, 10 % (48 h)-,

15 % (24 h)-, and 15 % (48 h)-stretched cells are shown in

Fig. 2a–e, respectively. These images show a tendency of

cell proliferation with increasing time in culture with par-

ticularly high proliferation occurring in the 10 %-stretched

cells (Fig. 2b, d). There were, however, no statistically

significant differences in terms of the quantitative prolif-

eration data (data not shown). Although the application of

sinusoidal cyclic stretching did not cause substantial

changes in cell morphology, it did induce marked changes

in cell orientation; the control cells remained randomly

oriented (Fig. 2a), whereas the stretched cells began to

orient perpendicular to the stretch direction. The tendency

toward perpendicular orientation increased as the amount

of elongation or length of the cyclic stretching period

increased (Fig. 2b–e).

The time-related changes in gene expression for the

MSC-to-tenocyte differentiation markers Col I, Col III,

Tnc, and Scx are shown in Fig. 3; in this figure, the

expression level of each gene is shown relative to the

expression level of that gene in the control cells (defined as

1.0). All the marker genes exhibited significant upregula-

tion in the 10 %-stretched cells. In particular, Scx gene

expression in 10 %-stretched cells increased to relative

levels of 1.6 and 2.5 at 24 and 48 h, respectively. On the

other hand, all the maker genes indicated slight upregula-

tion for the 15 %-stretched cells after 24 h although no

significant differences in the gene expression were

observed compared with the control cells. Furthermore, all

marker gene expression levels were lower in the 15 %-

stretched cells than in the control cells after 48 h.

A least-squares fit (blue line) of representative AFM

force data to Eq. 1 is shown in Fig. 4. The experimental

data (red squares) agreed well with the Hertz model and

showed a typical dependence of applied force on the depth

of indentation. The elastic modulus results (mean ± SEM)

obtained from the force curves are shown in Fig. 5. The

elastic modulus values for both of the 10 %-stretched

groups were significantly greater than that of the control

group (P \ 0.01), but no statistically significant changes

were observed for the 15 %-stretched groups although the

data trends mirrored those of the 10 %-stretched groups.

Fluorescence images of control and 10 %-stretched cells

are shown in Fig. 6. In the control cells, the appearance of

the actin stress fibers (green) and nuclei (blue) indicated the

immaturity of the cytoskeleton (Fig. 6a). Cyclic 10 %

stretching was associated with development of the cyto-

skeleton (Fig. 6b), and cytoskeletal development increased

as the duration of the cyclic stretching period increased

(Fig. 6c).

Discussion

A familiar phenomenon in studies of cell mechanics is the

orientation of the major cellular axis perpendicular to the

direction of cyclic applied stretch, as shown in Fig. 2 [44–

47]. Neidlinger-Wilke et al. [46] suggested that this cell

orientation response occurs primarily because the cell

reorients to avoid major axial surface strains would induce

a change in cell length. Our results are consistent with

those of Zhang et al. [47] and Chen et al. [48], who

observed that the degree of orientation increases as the

duration and force of the strain increases, and that stretched

cells become slightly longer and more slender.

Messenger RNAs (mRNAs) for four MSC-to-tenocyte

differentiation markers (Col I, Col III, Tnc, and Scx) were

expressed at higher levels in 10 %-stretched cells than in

control cells (Fig. 3), but the effects of lengthening the

experimental stretching period from 24 to 48 h varied

among the marker mRNAs. Although Col I and Col III

mRNA levels increased during the first 24 h of 10 %-

stretching, they remained constant or decreased over the

next 24 h, suggesting a gradual decrease in the mechanical

stress experienced by the cells as they became oriented

perpendicular to the cyclic stretch axis [49]. On the other

hand, mRNA levels for Tnc and Scx continued to increase

from 24 to 48 h despite the decreased mechanical stress at

48 h. These results suggest that the response of Tnc/Scx

expression to decreased mechanical stress lags behind that

Col I/Col III expression, as also suggested by Zhang et al.

[47].

Unlike the 10 %-stretched cells, although there were no

meaningful differences in differentiation marker mRNA

levels after 24 h between the 15 %-stretched cells and the

control cells, all maker gene expression levels exhibited
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slight upregulation. By 48 h, the 15 %-stretched cells

exhibited marked downregulation of marker mRNA gene

expression. Costa et al. [50] noted previously that a large

degree of elongation ([15 %) can destroy some cellular

functions. Taking all these results into consideration, we

conclude that hBMSCs subjected to 10 % elongation dif-

ferentiate into tenocytes and are not functionally damaged.

The differentiation of hBMSCs into tenocytes subjected to

15 % elongation cannot be completely denied, but the

effect would not be prominent. The induction of hBMSC-

to-tenocyte differentiation by 10 % stretching has been

previously reported [25, 48, 51].

In our experiments, the elastic modulus of cells sub-

jected to stretching ranged from 3.7 to 24.5 kPa. Other

researchers using AFM or scanning probe microscopy to

measure the elastic moduli of various cells have reported

values ranging from a few kPa to approximately 100 kPa

Fig. 2 Phase-contrast photomicrographs of cells subjected to cyclic uniaxial stretching. a Control for 24 h, b 10 % stretching for 24 h, c 15 %

stretching for 24 h, d control for 48 h, e 10 % stretching for 48 h, f 15 % stretching for 48 h

Fig. 3 Time-related changes in Col I, Col III, Tnc, and Scx mRNA

levels in cells subjected to 10 or 15 % cyclic uniaxial stretching at

1 Hz for 24 or 48 h as indicated. Data are normalized to the

corresponding mRNA levels in non-stretched cells (defined as 1).

*P \ 0.05 relative to control, **P \ 0.01 relative to control

Fig. 4 A representative curve showing the AFM-measured force

around a cell nucleus. Red squares experimental points, blue line
least-squares fit of the data to Eq. 1 (Color figure online)

Fig. 5 Elastic modulus around the cell nucleus in cells subjected to

10 or 15 % cyclic stretching at 1 Hz for 24 or 48 h as indicated. Data

shown represent mean ± SEM. Actual values from left to right are

8.6 ± 1.3, 13.7 ± 1.5, 17.8 ± 1.5, 11.8 ± 1.0, and 13.1 ± 1.3 kPa.

*P \ 0.01 relative to control
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[30–37]. For example, Titushkin and Cho [34], using AFM,

obtained an elastic modulus value of 3.2 ± 1.4 kPa for

human MSCs, and Haga et al. [37], using AFM, obtained

elasticity values ranging from 4 to 100 kPa for the cellular

surface of living fibroblasts. Therefore, the elastic modulus

values obtained in our study seem reasonable.

Using AFM, we were able to observe statistically sig-

nificant elevation of the elastic modulus in 10 %-stretched

cells, but not in 15 %-stretched cells, after 24 and 48 h of

cyclic stretching (Fig. 5). We note that the elastic modulus

values increased from 0 to 24 and from 24 to 48 h in both

the 10- and 15 %-stretched groups although the differences

between the 24- and 48-h time points were not statistically

significant. This observation suggests the possibility that

the elevation of the elastic modulus results directly from

the mechanical cyclic stretching and not from cell differ-

entiation. Admittedly, Mizutani et al. [35] reported that

mechanical cyclic stretching can increase the cellular

elastic modulus in the absence of cell differentiation.

However, because we failed to see a significant increase in

the elastic modulus of the 15 %-stretched cells in our

experiment, we conclude that our elastic modulus results

derive from cell differentiation.

Because tenocytes are fibroblasts, the differentiation of

hBMSCs into tenocytes involves the development of the

cytoskeleton [52]. Therefore, our observations of actin

stress fibers, a major cytoskeletal constituent, via confocal

fluorescence microscopy (Fig. 6), provide an explanation

for the differentiation-associated increase in elastic mod-

ulus. The actin stress fibers around the nuclei of 10 %-

stretched cells appeared denser and longer after 24 h,

consistent with differentiation, than those in control cells

(compare Fig. 6a, b). After 48 h, the actin stress fibers in

the 10 %-stretched cells were even denser (Fig. 6c). We

confirmed that the growth of the actin stress fibers was

constricted in 15 %-stretched cells (data not shown). Thus,

cytoskeletal development increased the cellular elastic

modulus. This result indicates that the cellular elastic

modulus is a valid measure of stem cell-to-tenocyte dif-

ferentiation and suggests that AFM might be applicable to

the evaluation of stem cell differentiation into other types

of cells.

The application of sinusoidal cyclic stretching of 10 or

15 % elongation at 1 Hz over 24 or 48 h induced the dif-

ferentiation of hBMSCs into tenocytes. Differentiation of

the 10 %-stretched cells into tenocytes was confirmed by

rtPCR evaluation of mRNA expression levels for the MSC-

to-tenocyte differentiation markers Col I, Col III, Tnc, and

Scx. AFM measurements of the elastic modulus of 10 %-

stretched cells after 24 or 48 h of cyclic stretching showed

clear elevation of the elastic modulus relative to that of the

control (non-stretched) cells. Observations of the cells by

confocal fluorescence microscopy enabled us to attribute the

increase in elastic modulus to the growth and development

of the cellular cytoskeleton as the cells differentiated into

tenocytes. We conclude in this paper that AFM measure-

ment of the cellular elastic modulus is a valid method for

monitoring the differentiation of stem cells into tenocytes.
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