
Introduction

Osteoblasts (OBs) are bone forming cells which, dur-
ing developmental and regenerative processes,

descend from mesenchymal stem cells (MSCs) [1].
MSCs are plastic-adherent cells isolated from bone
marrow or other tissues which possess self-renewal
and multi-lineage differentiation capacities and 
therefore are potential candidates for cell-based clinical
applications [2–4]. Upon treatment in culture, MSCs
commence the transition to the OB lineage as they
upregulate typical osteogenic markers and deposit a
mineralized matrix [5]. However, in the described
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Abstract

Within the bone lie several different cell types, including osteoblasts (OBs) and mesenchymal stem cells (MSCs).
The MSCs are ideal targets for regenerative medicine of bone due to their differentiation potential towards OBs.
Human MSCs exhibit two distinct morphologies: rapidly self-renewing cells (RS) and flat cells (FC) with very low
proliferation rates. Another cell type found in pathological bone conditions is osteosarcoma. In this study, we com-
pared the topographic and morphometric features of RS and FC cells, human OBs and MG63 osteosarcoma cells
by atomic force microscopy (AFM). The results demonstrated clear differences: FC and hOB cells showed simi-
lar ruffled topography, whereas RS and MG63 cells exhibited smoother surfaces. Furthermore, we investigated
how selected substrates influence cell morphometry. We found that RS and MG63 cells were flatter on fibrous
substrates such as polystyrene and collagen I, but much more rounded on glass, the smoothest surface. In con-
trast, cells with large area, namely FC and hOB cells, did not exhibit pronounced changes in flatness with regards
to the different substrates. They were, however, remarkably flatter in comparison to RS and MG63 cells. We could
explain the differences in flatness by the extent of adhesion. Indeed, FC and hOB cells showed much higher con-
tent of focal adhesions. Finally, we used the AFM to determine the cellular Young’s modulus. RS, FC and hOB
cells showed comparable stiffness on the three different substrates, while MG63 cells demonstrated the unique
feature of increased elasticity on collagen I. In summary, our results show, for the first time, a direct comparison
between the morphometric and biophysical features of different human cell types derived from normal and patho-
logical bone. Our study manifests the opinion that along with RNA, proteomic and functional research, morpho-
logical and biomechanical characterization of cells also reveals novel cell features and interrelationships.
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experimental model not all MSCs within a given pop-
ulation differentiate into OBs. In addition, MSC cul-
tures exhibit a high degree of heterogeneity with
regard to their morphological appearance and
capacity for replication. A series of reports from the
Prockop group [6–10] have shown that MSCs can be
assigned to at least two morphological types: rapidly
self-renewing, small, round or spindle-shaped cells
(RS cells) and slowly replicating, large, cuboidal or
flattened cells (mature MSCs or FC cells as indicat-
ed here) [9]. Furthermore, RS cells manifested the
highest multipotentiality. In brief, these observations
suggest that the heterogeneity of MSC cultures may
reflect different mesenchymal progenitors and RS
cells may constitute the earliest precursors [11].
Another intriguing suggestion is that MSCs may be
the cells of origin not only for ‘normal’ but also for
‘pathological’ OBs, for instance osteosarcoma cells
[12, 13]. Osteosarcoma is the most common malig-
nant bone tumour, which frequently arises within the
metaphyseal growth plates, where MSCs concen-
trate, proliferate and differentiate. Furthermore,
osteosarcoma is characterized by a spectrum of
histopathologic subtypes depending on the predomi-
nant mesenchymal tissue represented. In particular,
osteogenic osteosarcoma is composed of immature
bone progenitors that produce abundant, amorphous
osteoid lacking the characteristics of mature bone
[14, 15]. Altogether, there are plenty of intimate,
entwisted connections between MSCs, OBs and
osteosarcoma cells, which need to be further
explored. Our group has already been engaged in
several studies researching the differences in protein
expression between human MSCs (hMSCs), human
OBs (hOBs) and osteosarcoma cell lines [16–18].
Here, we chose an alternative approach, which
focuses, not on the biochemical properties of these
cells, but on their structural and mechanical attrib-
utes. Mechanical properties, such as cytoskeleton
organization, elasticity, membrane tension, cell
shape and adhesion strength play an important role
in cell fate and differentiation [19]. For example,
dynamic arrangement of the actin network is critical
in supporting the osteogenic differentiation of MSCs
[20]. Additionally, MSC commitment to adipogenic or
osteogenic lineages can be regulated via cell shape,
cytoskeleton tension and endogenous Rho GTPase
activity [21]. These studies demonstrate the impor-
tance of the mechanical characterization of cells. A
feasible tool for performing such measurements is
the atomic force microscope (AFM). The AFM tech-

nique is based on an ultra-sharp tip attached to a
flexible cantilever spring, as well as accurate
piezoactuators. Scanning the tip across the sample
surface provides high-resolution topographic images,
and even more via detecting the degree of the tip’s
deflection, the elasticity (Young’s modulus) of the
sample can be quantified. In recent years AFM has
been used in numerous biological applications. AFM
is an indispensable tool to study mechanical proper-
ties of bio-molecules. Thus, detailed insights into
DNA mechanics, protein folding pathways, receptor-
ligand pairs and molecular motors have been
obtained (reviewed in Clausen-Schaumann et al. [22]
and Engel and Muller [23]). In terms of cell biome-
chanics, AFM has also been used in variety of exper-
imental set ups (reviewed Santos and Castanho
[24]), from cell elastic characterization ([25] and
reviewed in Costa [26]) to more functional analyses
such as measuring the force of cell-cell adhesion and
furrow stiffening of dividing cells ([27, 28] and
reviewed in Simon and Durrieu [29]).

In the present study, we used AFM to search for
differences in cell shape, volume and elasticity of
hMSCs (RS cells and FC cells), hOBs and osteosar-
coma cells (MG63 cell line). Moreover, we investigat-
ed if the morphometric and elastic properties of the
cells are influenced by the substrates on which they
are cultured (polystyrene, glass and collagen I).
Finally, we looked for a link between the above char-
acteristics, the actin organization and the adhesive
profile of the chosen cells.

Material and methods

Cell culture

HMSCs were isolated from bone marrow by ficoll gradient
centrifugation and purchased from Lonza (Verviers,
Belgium). HMSCs were cultured in MEM Alpha
GlutaMAXTM culture media (Invitrogen, Karlsruhe,
Germany) supplemented with 10% FBS (Sigma-Aldrich,
Munich, Germany). HOBs were purchased from PromoCell
(Heidelberg, Germany) and cultured according to the sup-
plier’s recommendations. These cells were originally isolat-
ed from human trabecular bone obtained during hip
replacements. The MG63 cell line was derived from human
bone osteosarcoma (ATCC, Wesel, Germany). MG63 cells
were grown in DMEM (PAA, Pasching, Austria) containing
10% FBS. During routine culture, the cells where maintained
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at 60–80% confluence in T75 culture flasks (Nunc,
Wiesbaden, Germany), at 37°C in 5% CO2. HMSCs and
hOBs in 5–9 passage and MG63 cells in 5–13 passage
were used in experiments.

Proliferation rate

During the expansion of hMSC, hOB and MG63 cells were
detached by trypsin/EDTA (PAA) and counted using a
haemocytometer (Brand, Wertheim, Germany). Population
doubling (PD) and PD time were calculated according to
Huang et al. [30], as counts from three passages were used.

Sample preparation 

A total of 700–1000 cells/cm2 were seeded on polystyrene
(BD Falcon, Heidelberg) and on non- or collagen I-coated
glass slides (Nunc), or Petri dishes (Schott, Mainz,
Germany). For coating, 10 µg/ml collagen I (Upstate-
Millipore, Dundee, UK) was laid on the glasses for 12 hrs
at 4°C. Cells were let to attach on three different substrates
for a minimum of 12 hrs. Prior to AFM scanning, the cells
were fixed with 4% paraformaldehyde, rinsed with PBS and
thereafter the slides were mounted on the microscope.
AFM elasticity measurements were performed on live cells,
therefore the culture media was supplemented with 25 mM
HEPES (Sigma-Aldrich) and the Petri dishes were mount-
ed on a heated microscope table (37°C). Altogether, 98
cells were used for the acquisition of high-resolution topo-
graphic images and elasticity measurements.

Atomic force microscopy

All AFM measurements were carried out using a NanoWizard
AFM (JPK Instruments, Berlin, Germany), which was 
mounted on a modified microscope stage of an inverted 
optical microscope (Axiovert 200, Carl Zeiss, MicroImaging,
Gottingen, Germany). The AFM had a maximum horizontal
scanning range of 100 � 100 µm2, and a vertical range of 
15 µm. The optical microscope was used to select the 
desired cell, and to position the AFM tip. Silicone nitride 
cantilevers (MLCT-Microlever Probes, Veeco Instruments,
Mannheim, Germany) with force constants around 
20 mN/m were used. The force constants of all cantilevers
were determined individually using the thermal noise
method [31]. All AFM images were obtained in contact mode
in liquid. Bare substrate surfaces were imaged with 
512 � 512 pixels2 at line rates of 5 Hz. Fixed cells were
imaged with 1024 � 1024 pixels2 at line rates of approxi-
mately 0.3–0.5 Hz and live cells were imaged with 512 �

512 pixels2 at line rates of 0.7 Hz. Prior to acquisition of force
versus indentation profiles, cells were imaged with the AFM.

For surface roughness analysis of bare substrates, 
10 � 10 �m2 AFM images (10 independent scans) 
were obtained and the mean height deviation from the 
principal x–y-plane <�H> was calculated according to:

dxdy, with Δx = Δy = 10 �m.

For morphometric analysis, several partial AFM images
had to be acquired for cells larger than 100 � 100 µm2.
After subtracting the background plane, the partial cell
images were stitched together using a home-made tem-
plate matching algorithm which maximizes the normalized
correlation coefficient of overlapping image parts [32]. AFM
images of entire cells were then used to calculate cell
length (l ) (the longest diameter), width (w) (the diameter
perpendicular to l ), height (h) (the highest elevation),
cross-sectional area (A) and volume (V). To perform quan-
titative comparison of cell shapes, geometrical form factors
were calculated. The ellipse shape factor s1 = w/l describes
the tendency of a cell to be long and narrow with s1 = 1 for
a disk-shaped cell and s1 → � for a rod-shaped cell. The
flatness shape factor s2 = simultaneously pro-
vides information about the cell area and height, and
assumes the value s2 = 0 for flat disks and s2 = 1 for spher-
ical ellipsoids [33, 34].

Elasticity measurements

The Young’s modules of the cells were derived from force
versus indentation profiles, which were acquired at 10 dif-
ferent points in the nuclear and peri-nuclear region of the
cells (schematic model in Fig. 6A). The force-indentation-
profiles were recorded at 0.7 Hz and to eliminate hydrody-
namic effects, averages of trace and retrace were used.
The Young’s modules (E) were extracted from the above
profiles by using a modified Hertz model [35, 36]. The
model relates the loading force (F) of an indenting cone to
the indentation (�), via E, the Poisson ratio (� ) and the
opening angle of the cone (�): F = 2E ·�2 · tan(�)/(	[1–�

2])
Replacing F by kc d and d by z-d, where kc is the 
force constant and d the deflection one obtains:

. The open-
ing angle (�) of the AFM tips was 35°, the Poisson ratio
was set to � = 0.5, the value for incompressible material.
E was then determined by a least square fit (fit-range:
10–40 nm indentation), as described by the Radmacher
group [33, 34] using Igor Pro data analysis software
(Wavemetrics, Lake Oswego, USA).

Cytochemistry

HMSC, hOB and MG63 cells were grown on non- or colla-
gen I-coated glass slides (polystyrene slides were not used
because of autofluorescence < 485 nm). The cells were
fixed with 4% paraformaldehyde, permeabilized with 0.2%
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Triton X-100 and blocked with 3% BSA. Prior to blocking,
Image-iTTM FX signal enhancer (Molecular Probes,
Invitrogen) was applied on the slides. Primary antibodies
for osteocalcin (Santa Cruz, USA), ErbB2 (Abcam,
Cambridge, UK), and paxillin (Epitomics, Burlingame,
USA) were applied overnight at 4°C. The following conju-
gated secondary anti-rabbit antibodies were used: Alexa
Flour 488 or Alexa Flour 594 (Molecular probes) and
Rhodamine Red (Dianova, Hamburg, Germany). Paxillin
immuno-detection was combined with the cytoskeleton 
dye – phalloidin, conjugated to Alexa Flour 546 (Molecular
probes). DAPI (4´,6-Diamidino-2-phenylindol, Molecular
probes) was used for nuclear labeling in all of the stainings.
HMSCs were differentiated into OBs and stained with von
Kossa as described in Bocker et al. [37]. Alkaline
posphatase (Sigma-Aldrich), senescent cell staining (Sigma-
Aldrich) and in situ cell death detection (TUNEL technology)
kits (Roche, Penzebrg, Germany) were used according to
the supplier’s recommendations. All types of stainings were
independently performed at least twice. Photomicrographs
were taken with the Axiocam MRm or Axiocam ICc3 camera
(Carl Zeiss) on an Axioskope 2 microscope (Carl Zeiss).

Confocal microscopy

Confocal laser scanning microscope (LSM510, Carl Zeiss)
was used to obtain confocal photomicrographs of paxillin
and phalloidin co-stainings. The argon (488 nm) and heli-
um/neon (543 nm) lasers were consecutively used. The
emitted signals were collected with a 63x objective and
images (1024 x 1024 pixels2) were taken throughout the
‘equator’ of the cells. Large cells were scanned at several
positions and the images were subsequently merged to
obtain high-resolution view of the entire cells.

Calculation of focal adhesion area

The confocal microscopy images of paxillin-labelled hMSC,
hOB and MG63 cells were further processed using the
Image-Pro Plus program version 4 (Media Cybernetics,
Bethesda, USA). Firstly, total cell area was measured; and
secondly, the paxillin-occupied area was automatically cal-
culated by setting a threshold level. The threshold level of
0.5 µm2 was selected as a minimal focal adhesion area
based on Franz et al. [38]. The focal adhesion area was
thereby estimated as a percentage of the total cell area and
it was averaged from 12 cells in two independent stainings.

Cell adhesion assay

Cell adhesion assays were performed on collagen I-coated
96-well plates (Nunc). After coating, the plates were rinsed

and blocked with 5% skim milk powder (Merck, Darmstadt,
Germany) in PBS with 0.2% Tween 20 for 30 min. HMSCs,
hOBs and MG63 cells were plated in triplicates 
(3000 cells/well) and incubated for 30 min at 37°C. Non-
adherent cells were removed by washing with PBS. Cell
adhesion was estimated using a colorimetric method,
based on a NPAG (p-nitrophenyl N-acetyl-beta-D-glu-
cosaminide, Sigma-Aldrich) reaction. Absorbance was
measured at 405 nm by microtitre-plate reader (Microtek
Laborsysteme GmbH, Overath, Germany). Control wells,
coated with just the blocking solution were used to subtract
the background adhesion for each cell type. The percent-
age of adherent cells was finally calculated as suspensions
of 3000 cells were used for maximal references. Two inde-
pendent experiments were performed.

Statistical analysis

Quantitative data were processed with SigmaPlot version 8.
Means and standard deviations are illustrated in the figures.
Statistical analyses were performed using SigmaStat ver-
sion 3 (Systat Software GmbH, Erkrath, Germany). Pairwise
significances were calculated using the Student’s t-test
while for multiple comparisons Dunn’s or Duncan’s tests
were used. A value of P < 0.05 was considered significant.

Results

HMSC-, hOB- and MG63-specific 

features and growth in culture

HMSC, hOB and MG63 cells were expanded in poly-
styrene T-75 flasks and the cultures were frequently
monitored for their morphological appearance. As
reported by previous investigators [6–9], hMSC cul-
tures contain both, spindle-shaped RS cells and
large FC cells (Fig. 1A). HOBs exhibited their typical
polygonal, flattened morphology (Fig. 1C) [39, 40]
whereas attached MG63 cells revealed an oval to
spindle-shaped appearance (Fig. 1E) [16].

Next we performed three staining protocols to
check for typical features of the analyzed cells.
HMSCs were grown in osteogenic media for 21 days
and the deposited mineralized matrix was positively
stained with von Kossa (Fig. 1B). HOBs showed a
strong cytosolic signal for the bone marker protein,
osteocalcin (Fig. 1D) and MG63 cells were positive
for ErbB2, a previously reported marker for metasta-
tic osteosarcoma cells (Fig. 1F) [41].
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We looked at the growth characteristics of the
three cell types (Fig. 1G). As expected MG63 cells
proliferated at the fastest rate. HOBs proliferated the

slowest while hMSCs (mixture of RS and FC cells)
proliferated at an intermediate rate. Furthermore we
segregated hMSCs to RS and FC cells and monitored

Fig. 1 Cell culture
appearances and specif-
ic features of hMSC, hOB
and MG63 cells. Phase-
contrast images of hMSC
(A), hOB (C) and MG63
(E) cells. HMSC culture
contained two distinct
subpopulations: small,
spindle-shaped RS cells
(arrows) and large, flat
FC cells (arrow heads).
HOBs exhibited their 
typical polygonal and flat-
tened morphology in con-
trast to MG63 cells, which
revealed a variety of
appearances, from oval
and triangular to spindle-
shaped. Each of the cell
types possessed specific
characteristics: hMSCs
differentiated into OBs
after 21 days and stained
positive for von Kossa
(B); hOBs showed
expression of the bone
marker protein, osteocal-
cin (D) and ErbB2, an
osteosarcoma-related
gene, gave a strong sig-
nal in MG63 cells (F). In
addition, there were clear
differences in the PD time 
of the analysed cell types
(average of three pas-
sages) (G). Bars: 100 µm.
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the growth of single-cell derived clones. RS and FC
cell clones were grown in culture for 35 days and the
total number of RS cells was 5.3-fold higher then FC
cells (Supplementary Fig. S1A). The PD time of RS
cells was significantly higher then that recorded for
FC cells (Supplementary Fig. S1B).

Next, in order to exclude the possibility that FC
cells constitute senescent or pre-apoptotic cells in
the hMSC culture we performed apoptosis (TUNEL)
and senescent (
-galactosidase) assays (Fig. 2
A–C). We included for each assay a positive control:
hMSCs treated with DNase I to mimic apoptosis and
hMSCs exposed for 24 hrs to 2 mM hydroxyurea, an
agent known to induce cellular senescence [42]. We
did not detect apoptotic or senescent FC cells in the
passages used in this study. In contrast, the parallel
controls stained positive in both assays. Finally, since
FC and hOB cells looked alike we preformed a histo-
chemical test for alkaline phosphatase activity.
Indeed, a large portion of FC cells showed active
alkaline phosphatase (Fig. 2D), an observation cor-
relating well with the study of Colter et al. [8].

Topography and surface 

roughness of the substrates

We cultured hMSC, hOB and MG63 cells on three
different substrates – polystyrene, glass and colla-
gen I-coated glass. The AFM images of polystyrene
slides showed typical fibrous-like topography due to
the polymeric form of this material and had the high-
est mean roughness of 2.9 ± 2.1 nm. The surface of
the glass slides was granular and slightly rough
(mean roughness of 0.8 ± 0.2 nm), while coating with
collagen I led to a more filamentous appearance and
a 2.5-fold roughness augmentation versus glass
(Supplementary Fig. S2).

Topography and height profiles of 

representative RS, FC, hOB and 

MG63 cells

A total of 49 cells underwent analyses of cell topog-
raphy, height and morphometry. Fig. 3A and B show
the AFM deflection and height images of single RS,
FC, hOB and MG63 cells, respectively, on poly-
styrene. The deflection images, (Fig. 3A) revealed
small corrugations, such as sub-membranous struc-

tures (mainly cytoskeleton).The height images (Fig. 3B)
showed the overall topography and the false colours
(from brown to white) reported on the cell height.
Thus, the nuclear region appeared in almost white
colour. Furthermore, from the height images precise
information about the x-y-plane deviations of any 
cellular part could be extracted and hereby a height
profile along any inserted line could be obtained
(white lines in Fig. 3B and corresponding profiles in
Fig. 3C). Taken together, the height of the nuclear
region was comparable in both, FC and hOB cells,
while the height of RS cells was 2-fold lower then
MG63 cells. Interestingly, when cells were grown on
the other two substrates, non- or collagen I-coated
glass slides, their height was altered. The most pro-
nounced changes in height were observed for RS
and MG63 cells. Their height increased on non-coat-
ed glass (with 1.4- and 1.2-fold, respectively) and par-
ticularly for MG63 cells it decreased 1.7-fold on colla-
gen I versus polystyrene (Supplementary Fig. S3).

Finally, due to the high scanning resolution of the
AFM images we obtained 5-fold zoomed pictures
allowing the clear visualization of actin stress fibers,
which lay closely under the plasmalemma (Fig. 3D).
Interestingly, FC and hOB cells revealed a ruffled
topography and very similar, thicker stress fibers.The
latter were also distinguishable in the height profile
(Fig. 3C), where each of the small peaks indicates
underlying actin bundles. RS cells had much thinner
actin filaments and numerous filopodia. Additionally,
some actin accumulations could be noticed in lamel-
lipodia. In contrast to all, MG63 cells exhibited very
smooth surfaces and almost no stress fibers.

Cell morphometry

Cell area and volume were calculated from the AFM
height images (Supplementary Table S1). From these
calculations, we determined that RS, FC, hOB and
MG63 cells had very distinct morphometric features
and when distributed by area and volume on poly-
styrene, these cells occupied unique ‘niches’ (Fig.
4A). MG63 cells were the smallest in area followed
RS cells. FC and hOB domains were located close to
each other. However, the hOBs displayed areas and
volumes, 1.7- and 1.9-fold, bigger then those of FC
cells. The volume of the RS, FC and MG63 cells
was in a similar range (Supplementary Table S1).
Furthermore, the cell area and the volume were 
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influenced by the other two substrates (glass and col-
lagen I) (Supplementary Table S1). For example,
MG63 cells showed an intriguing alteration on colla-
gen I where they revealed a 1.7-fold increase in cell
area, but a 1.5-fold decrease in cell volume in com-
parison to the polystyrene substrate.

Next, we calculated ellipse and flatness shape fac-
tors. We observed, for each cell type, non-significant
variations of the ellipse shape factor with regards to
the different substrates (Fig. 4B). However, it was obvi-
ous that RS cells had the highest ellipse shape factor,
defining these cells as the most oblong cell type.

The results for the flatness shape factor are shown
in Fig. 4C. RS cells demonstrated similar flatness on
the fibrous substrates, whereas their flatness signifi-
cantly reduced on glass. MG63 cells had the most
elevated shape factor on glass, but interestingly, they
appeared also much rounder on polystyrene.
Moreover, on these two substrates MG63 cells were
also significantly more round than RS cells (RS 
versus MG63 on polystyrene P = 0.00002, RS versus
MG63 on glass P = 0.0041). In contrast, when MG63
were grown on collagen I, a significant change
towards a 2.3-fold augmented flatness shape factor

was observed. FC and hOB cells grouped again
together, as they had the lowest and very similar flat-
ness shape factors on the three different substrates,
and in comparison to RS and MG63 cells, they were
indeed significantly flatter.

Cytoskeleton organization and 

extent of adhesion

We performed F-actin (phalloidin) and focal adhesion
(paxillin) stainings for each cell type on collagen 
I (Fig. 5A and B). RS cells portrayed their typical 
spindle-shaped morphology, and the majority of actin
fibers ran in parallel to the cell axis. In addition, wave-
like actin accumulations were located at the stretched
lamellipodia, a finding already observed in the AFM
images (Fig. 5A and Fig. 3D). FC cells and hOBs had
a very distinguishable actin cytoskeleton organiza-
tion – much more robust, with a great amount of criss-
crossing actin filaments and larger, bulky stress fibers
(Fig. 5A and Fig. 3D). Conversely, MG63 cells had
almost no pronounced stress fibers, and most of the
actin was organized as a cortical ring (Fig. 5A).

Fig. 2 FC cell characterization.
(A) Apoptosis detection at sin-
gle cell level based on labeling
of DNA strand breaks (TUNEL
technology). No positive FC
cells were observed. (B)
Control of the TUNEL assay,
hMSCs exposed to DNase I,
in which every nucleus is pos-
itively marked. Insets in (A)
and (B) show corresponding
cytoskeletal and nuclear stain-
ings to demonstrate the cell
availability. Furthermore, FC
cells did not exhibit 
-galac-
tosidase activity, an attribute of
senescence (C). Inset in (C)
presents hydroxyurea-treated
hMSCs as a positive control.
Several of these cells are
senescent (blue labeling). (D)
Cytochemical enzyme test for
alkaline phosphatase. Many
FC cells revealed alkaline
phosphatase activity (stained
in red violet). Bars: 100 µm.
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Fig. 3 Topography and height profile of the analysed cell types. AFM deflection images (A) of a single RS, FC, hOB and
MG63 cells on polystyrene. The small corrugations reflected submembranous structures. AFM height images of the above
cells are shown in (B). The colour scale indicates the height of a particular cell region. From these images a height profile
could be extracted for any inserted line. Examples are shown in (C), where the height profiles along the white lines in (B) are
shown. The nuclear region was used for comparing the heights between the cell types. We found that the MG63 cells had
the highest nuclear regions, followed by RS cells, while FC and hOB cells showed similar, lower heights. Details about the
actin cytoskeletal organization were revealed in zoomed images (D). RS cells had thin actin filaments and some actin accu-
mulations (arrow head) in lamellipodia, as well as numerous filopodia. FC and hOB cells showed ruffled topographies and
very similar, thicker stress fibers (arrows). MG63 cells exhibited a very smooth surface and almost no stress fibers. Bars: (A)
50 µm; (D) 10 µm.
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With regards to focal adhesions, we quantified the
percentage of paxillin-positive areas and performed
adhesion assays on collagen I. We used young and
older hMSC passages in order to discriminate
between RS and FC cell adhesion, respectively.Thus
we found that the focal adhesions occupied around
4–9% from the FC and hOB cell terrains (Fig. 5C)
and thereof these cells had significantly (1.4-fold)
stronger adhesion to collagen I in comparison to RS
and MG63 cells (Fig. 5D).

Force mapping and elasticity 

measurements

To characterize the elasticity of the cells, mean
Young’s modules were calculated. The only values
taken, were these calculated from force curves that
were recorded in the nuclear and peri-nuclear region
(schematic model in Fig. 6A and example force
curves in Fig. 6B). The mean Young’s modules of all
analyzed cells are shown in Figure 6C. We could not
detect a cell-type specific Young’s modulus in the
region where the measurements were taken. In broad
outline, RS, FC and hOB cells showed comparable

stiffness on the three different substrates. A slight
substrate-related tendency towards an increase of
elasticity (decrease of the Young’s modulus) on glass
was observed for RS and hOB cells. MG63 cells
again demonstrated a collagen I-specific response,
as in addition to the increased area and flatness
(Supplementary Table S1 and Fig. 4C), they showed a
significantly (2-fold) lower Young’s modules (versus
polystyrene), corresponding to a decrease in stiffness.

Fig. 4 Morphometric analysis of RS, FC, hOB and MG63
cells (42 cells in total). (A) Scatter plot of cell area and
volume on polystyrene. HOBs were the most outstand-
ing cell type due to their large area and volume values.
Furthermore, in order to confirm that representative
cells were used in the analyses, we calculated ellipse
shape factors (B) (s1 = 1 corresponds to a disk-shaped
cell and s1 → � to an oblong one). RS cells were the
most oblong cell type. With regard to the three different
substrates, non-significant variations of s1 were
observed for each cell type (P � 0.4). The flatness
shape factor analyses (C) (s2 = 0 corresponds to flat
disk and s2 = 1 to a sphere-like ellipsoid) demonstrated
that FC and hOBs cells have similar and significantly
pronounced flatness independently of the substrates
(***FC or hOB on all substrates versus RS polystyrene,
P < 0.05). In contrast, RS and MG63 cells behaved 
differently on the substrates. Both cell types became sig-
nificantly more round on glass (*RS on glass versus
polystyrene, P = 0.0047 and *MG63 on glass versus
polystyrene, P = 0.0409) and particularly for MG63 cells
a very pronounced change towards enhanced flatness
was observed on collagen I (**collagen I versus poly-
styrene, P = 0.0006).
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Discussion

In the present study we have compared the morpho-
metric and elastic features of two hMSC subtypes,
hOBs and osteosarcoma cells. We analyzed the
above cells on three different substrates – poly-
styrene, glass and collagen I. These substrates were
selected due to the following reasons: polystyrene is
the usual material used for cell expansion of adher-
ent cells; glass is frequently employed in microscop-
ic and histological cell analyses; and collagen I
resembles a natural substrate since collagen is the
most abundant organic molecule in bone.

We started with concise analyses on the cell mor-
phology, growth and molecular hallmarks. We
observed RS and FC cells in hMSC cultures [8, 9].
What is more, the RS cell phenotype we detected
showed greater likeness to the so called ‘RS-1C’ cell
variant that is defined as wider, spindle-shaped cells
which appear in the initial culture approximately at
the 10th day [9]. We supposed that we had a high
incidence of this variant because our cultures were
passaged several times. HMSC, hOB and MG63
cells had different proliferation activities and the cal-
culated PD times are comparable with those found
by others in the field [16, 43, 44]. With regards to RS
and FC cells, we agree with observations by Sekiya
et al. [9], who showed that the portion of RS cells in
the mixed hMSC culture decreased over time. In con-
trast, the culture in higher passages was predomi-
nantly composed of FC cells. Therefore in some of
our experiments we used young and old passages in
order to enrich for either RS or FC cells. Additionally,
our histochemical analyses showed that FC cells
were not senescent or apoptotic in the passages
used here, but that some exhibited alkaline phos-
phatase activity. In this connection, it is noteworthy to
mention the previous finding of Colter et al. who
report that the increase in the FC portion of the cul-
ture was accompanied by an increase in alkaline
phosphatase [8]. However, previous analyses from
both our and the Prockop groups have shown that
FC cells still present a panel of surface epitopes
which are considered as MSC criteria [8, 18]. Finally,
hMSCs successfully differentiated in the osteogenic
lineage and hOBs and MG63 have retained their
osteocalcin and ErbB2 expression, respectively.

Next, we precisely investigated the morphometric
characteristics of RS, FC, hOB and MG63 cells. AFM
images of MG63 and other osteoblasts-like cell lines

(MC3T3, Saos2) have already been published [33,
45, 46]. To date, there are two AFM studies dealing
with hMSCs, but the authors looked for changes in
the topography and elasticity of hMSCs during differ-
entiation [47, 48]. Here, however, we show for first
time AFM images of single RS, FC and hOB cells.
Interestingly, a topographical similarity between FC
and hOB cells could be discerned easily from the
images, whereas RS and MG63 cells had very distin-
guishable features. Then the estimation of the ellipse
shape factor was very useful to prove that we picked
relatively representative cells for each type, since we
selected each cell by its morphology. On the other
hand, the flatness shape factor, as a three-dimen-
sional measure, could indicate how the selected sub-
strates influence cell spreading. RS and MG63 cells
became round on glass, whereas FC and hOB cells
had very similar, much lower flatness shape factors.
Moreover, their flatness almost did not change with
respect to the different substrates. This finding sug-
gested that among the analyzed cell types, cells with
very big areas and volumes were less sensitive to
variations in substrate roughness.

The apparent differences in flatness between RS,
FC, hOB and MG63 cells might be related to cell-
specific strength of adhesion and properties of the
actin cytoskeleton. Indeed, RS and MG63 cells pre-
sented a very low content of focal adhesions. In FC
and hOB cells, the focal adhesions occupied up to
9% of the cell terrain and these cells had significant-
ly stronger adhesion to collagen I. Moreover, FC and
hOB cells contained some centrally localized focal
adhesions, which show similarity to the so called
‘mature or fibrillar adhesions’. These adhesions are
found in less motile cells, and are accountable for
more firm adhesion to the matrix [49].

Furthermore, FC and hOB cells exhibited a high
content of robust stress fibers, while RS cells had a
more refined actin architecture and many wave-like
actin accumulations. Importantly, Yourek et al. [48]
have reported that upon osteogenic differentiation,
the actin cytoskeleton of hMSCs rearranges into a
more vigorous, crisscrossed pattern. In contrast,
MG63 cells organized the actin in a cortical ring.

The actin architecture has great impact not only
on cell morphology and behaviour but also on cell
biophysical attributes. The effect of actin organization
on cell stiffness has been already attested as it has
been observed that a cell becomes more elastic
upon chemical disruption of its actin stress fibres [46,
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50]. AFM elasticity measurements have been already
performed on many different cell types. In Fig. 7 we
reviewed several such examples but also others
linked to the bone field. Our results were comparable

with the Young’s modules of fibroblastic cells.
However, with regards to hMSCs a recent study by
Yourek et al. [48] reported the stiffness of non- and
differentiated hMSCs in the much higher range of

Fig. 5 Cell adhesion and cytoskeleton characterization. Focal adhesions and F-actin of the analysed cells were visualized by
phalloidin and paxillin co-staining, respectively, on collagen I slides (A and B). FC and hOB cells exhibited similar actin archi-
tectures, consisting of bulky stress fibers strained between numerous, large focal adhesions. Conversely, RS and MG63 cells
showed small and sparse focal adhesions as well as thin and less abundant stress fibers. Quantification of paxillin-positive
areas, as a measure of the content of focal adhesions (C) (12 samples for each cell type), correlated well with the function-
al adhesion assays, in which the cells were allowed to attach to collagen I for 30 min (D) (a representative experiment with
triplicates). Thus, we found that FC and hOB cells had similar and significantly higher extent of adhesion compared to RS
and MG63 cells (* FC or hOB versus RS or MG63, P < 0.05). Bars: 50 µm.
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33–53 kPa. Possible explanations for these differ-
ences are that firstly, Yourek et al. [48] used the orig-
inal Hertz model [35], which describes an indenting
sphere, rather than an indenting cone. This model is
only suitable as long as the indentation is smaller than
the radius of the sphere, if not the Young’s modulus will
be overestimated. Secondly, the authors performed
force curve arrays (32 x 32 force curves) and random-
ly selected three curves per cell to calculate the
Young’s modulus. We intentionally measured the
Young’s modulus in the nuclear region, in order to
exclude any artificially high values arising from com-
pressing the soft cell sample and consecutively sens-
ing the stiff substrate [59]. Nevertheless, performing
well-controlled force curve arrays can provide an
overview of the elasticity of different regions of an
entire cell. Therefore, in future studies, such arrays
should be recorded for the four cell types investigated

here, especially because, while looking solely at the
nuclear region, we have observed only small cell-spe-
cific or substrate-related variations in Young’s modules.
An exception was the behaviour of MG63 cells on col-
lagen I. On this substrate we saw significant changes
in cell spreading and elasticity and thus far, only these
cells demonstrated cell-specific Young’s modulus. In
general, upon cell flattening, the actin density and the
intracellular tension increase, and hereby the cell stiff-
ens. However, results from shape-engineered fibrob-
lasts proposed that, apart from actin, several other
mechanistic factors, such as membrane and nucleus
bending properties, can also act on the overall cell
elasticity [60]. Furthermore, molecular analysis of cells
cultured on collagen I gels indicated that the substrate
rigidity itself can directly regulate focal adhesions and
intracellular tension [61]. Lastly, a recent study from
Darling et al. [62] has investigated chondrosarcoma

Fig. 6 Cell elasticity measure-
ments. The mean Young’s mod-
ulus of each cell was calculated
from 20 force curves, taken at
10 different points in the
nuclear and peri-nuclear region
(A). Each curve represents the
average cantilever deflection of
approach and retract cycle.
Example force curves are
shown in (B), where curves 1–3
were recorded within the cell
body and correspond to points
1–3 in (A). Curve 4 indicates
the measurement of the sub-
strate (marked with a star in
(A)). The cantilever force con-
stant for all four curves was 27
mN/m. The Young’s modules of
all analysed cells (56 cells in
total) fell in the range between
0.7 ± 0.1 and 2.6 ± 0.7 kPa (C).
RS, FC and hOB cells showed
comparable stiffness on the
three different substrates.
Intriguingly, MG63 cells demon-
strated a collagen I-specific
response, as they showed a 2-
fold significantly lower Young’s
modules, corresponding to in-
creased elasticity (*collagen I
versus polystyrene, P = 0.0183).
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cell lines and suggested that a decrease in cell viscos-
ity can be associated with tumour transformation. With
respect to MG63 cells and their intriguing response to
collagen I, it is still unknown whether this response is a
tumor-related feature. Additionally, the underlying
molecular mechanisms remain to be determined.

In summary, our study showed novel morphomet-
ric, adhesion and biophysical features of hMSC, hOB
and MG63 cells. We correlated the cell-specific flat-
ness factors to the amount of focal adhesions. Thus,
we found that the FC subtype of hMSCs has very
similar characteristics to hOBs, which strengthen the
idea that FC cells resemble pre-OBs in primary
hMSC cultures. Finally, an improved understanding
of the physical characteristics of different cell types

and their nano-mechanical changes upon different
stimuli may not just lead to a more profound knowl-
edge about ‘the cell’, but it may also aid in the devel-
opment of new, effective approaches for tissue engi-
neering or inhibiting metastasis by controlling or rein-
forcing the structure of the cell.
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