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A family of polymer substrates which consists of a vinyl backbone chain with the side groups
–COO(CH2)xH, with x = 1, 2, 4, was prepared. Substrates with similar chemical groups but decreasing
stiﬀness, characterized by their elastic modulus at 37 1C, as well as surface mobility, characterized by
the glass transition temperature, were obtained. We have investigated whether these subtle variations in
polymer chemistry lead to alterations in ﬁbronectin (FN) adsorption and mesenchymal stem cell
response. The same FN density was adsorbed on every substrate (B450 ng cm 2) although the
supramolecular organization of the protein at the material interface, as obtained with AFM, was
diﬀerent for x = 1 and the other two surfaces (x = 2, 4). Consequently, this allows one to investigate
the eﬀect of physical properties of the matrix on stem cell diﬀerentiation after ruling out any inﬂuence
of protein activity. Cell adhesion was quantiﬁed by calculating the size distribution of focal adhesions.
Mesenchymal stem cell diﬀerentiation to the osteoblastic lineage was determined by quantifying protein
levels for osteocalcin, osteopontin and Runx2, in the absence of any additional osteogenic soluble
factors in the culture media, but as a direct eﬀect of material properties. The ﬁndings indicate the
potential to modulate skeletal progenitor cell commitment to the osteoblastic lineage through surface
mobility of the underlying material surface.

Introduction
Mesenchymal or skeletal stem cells are able to diﬀerentiate along
the stromal lineage to give rise to osteoblasts, chondrocytes and
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adipocytes through the application, typically, of chemical cues
and speciﬁc factors.1,2 There is also a wealth of emergent data
that mesenchymal or skeletal stem cells are highly sensitive to
their environment and, when cultured on synthetic substrates,
these cells respond to cues provided by chemistry, stiﬀness,
surface topography and dimensionality (2D vs. 3D), which are
able to direct skeletal stem cell lineage diﬀerentiation.3–10
Cell–material interactions occur through a layer of matrix
proteins including ﬁbronectin (FN), vitronectin, ﬁbrinogen and
laminin that interface living cells and synthetic surfaces.11–15
The concentration, distribution, and motility of the adsorbed
protein layer on a surface play a fundamental role in the
biofunctionality of a synthetic material. Thus it may be possible
to manipulate these parameters to augment the biological

Insight, innovation, integration
This work identiﬁes surface mobility as a novel mechanism able
to regulate the diﬀerentiation of skeletal stem cells. Moreover, it
points out the importance of investigating the intermediate layer
of proteins at the cell–material interface before discussing the
eﬀect of any physical properties of the matrix (e.g. stiﬀness) on cell
diﬀerentiation. To do that, we have synthesized a family of
polymers with subtle variations in chemistry and qualitatively
diﬀerent stiﬀness and surface mobility, which lead to alterations in
ﬁbronectin (FN) adsorption and human mesenchymal stem cell
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behavior. Our ﬁndings identify surface mobility as a key factor
able to regulate skeletal stem cell diﬀerentiation with wider
implications therein for the modulation and manipulation of
stem, progenitor and adult populations in hard and soft tissue
regeneration. This paper integrates technology and biology in two
ways: the preparation of material surfaces able to direct cell
diﬀerentiation making use of a novel surface property (mobility),
as well as the methodology developed to quantify cell diﬀerentiation through image analysis of secreted proteins.
Integr. Biol., 2012, 4, 531–539
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response of a cell to a substrate.16 Cell–substrate (protein)
interactions are primarily via integrins, a family of transmembrane cell adhesion receptors.17 Integrin-mediated adhesion
is a complex process that involves integrin association with the
actin cytoskeleton and clustering into focal adhesions: supramolecular complexes that contain structural proteins (such as
vinculin, talin, tensin) and signaling molecules (focal adhesion
kinase (FAK), etc.).17,18 Thus, the initial cell–material interaction is a complex multi-step process whereby early events,
such as adsorption of proteins, followed by cell adhesion and
spreading, determine late biological events, typically, those
related to cell growth, diﬀerentiation, matrix deposition and
cell function.
It is recognised that the mechanical properties of the matrix
are known to inﬂuence cell behavior regardless of the protein
coating of the substrate. Diﬀerentiated cells such as ﬁbroblasts, muscular VSMC cells, chondrocytes and neurons,
cultured on rigid/stiﬀ substrates, have been shown to develop
micron-sized focal adhesions connected by actin ﬁbers.
However, these focal adhesion structures are gradually lost
as cells are grown on softer matrices, as obtained by, for
example, changing the crosslinking density of gels.19–22 There
is evidence from Ryan and colleagues that cell spreading and
motility are enhanced on stiﬀ substrates in comparison to soft
surfaces (which favors cell–cell interaction and leads to more
dense cell aggregates).23 Furthermore, cell proliferation has
been shown to be increased on stiﬀ surfaces and, in the case of
a rigidity gradient on the substrate, cells migrate to stiﬀer
regions (durotaxis).24–26
Seminal work from Engler et al. provided the ﬁrst evidence
that matrix elasticity can direct stem cell lineage speciﬁcation
in the absence of soluble induction factors.4 The authors
showed that stem cells expressed markers for neurogenic,
myogenic or osteogenic lineages when cultured on substrates
mimicking neural, muscle and bone stiﬀness respectively.3,4,27–29
However, the preparation of substrates with controlled rigidity
often leads to small variations in substrate chemistry, as
observed in changing the crosslinking ratio in a polyacrylamide gel.4,20 In addition some studies suggest that these
changes in themselves lead to subtle variations in surface
chemistry and alter protein adsorption that as a consequence
alters cell behavior.30,31
The current work has investigated mesenchymal stem cell
diﬀerentiation on a family of FN-coated polymers whose
physical properties (stiﬀness and surface mobility) could be
modulated by discrete variations in material chemistry—for
example the sequential addition of methyl groups in the side
group of a vinyl chain. FN was adsorbed on the diﬀerent
substrates and its supramolecular organization characterised
by AFM. FN adsorption, in terms of the surface density and
conformation, was noted to not occur equally on each test
substrate. Subtle variations in surface chemistry were noted
and these led to a non-monotonical dependence of mesenchymal
stem cell diﬀerentiation in response to the physical properties
of the matrix. Our ﬁndings identify surface mobility as a key
factor able to regulate skeletal stem cell diﬀerentiation with
wider implications therein for the modulation and manipulation
of stem, progenitor and adult populations in hard and soft
tissue regeneration.
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Materials and methods
Materials
Polymer sheets were obtained by radical polymerization of a
solution of the corresponding alkyl acrylate, i.e. methyl (MA),
ethyl (EA) and butyl (BA) (Sigma-Aldrich, Steinheim, Germany),
using 0.2 wt% benzoin (98% pure, Scharlau, Barcelona, Spain) as
a photoinitiator. The polymerization was carried out up to limiting
conversion. After polymerization, low molecular-mass substances
were extracted from the material by drying in vacuo to constant
weight. Thin ﬁlms were prepared by making use of a spin-coater
(Brewer Science, Rolla, USA). To do that, each one of the
synthesized polymers was dissolved in toluene at a concentration
of 2 wt%. Spin casting was performed on 12 mm glass coverslips
at 2000 rpm for 30 s. Samples were dried in vacuo at 60 1C before
further characterisation. The obtained ﬁlms are not porous and
approximately 500 nm in thickness.
Water contact angles were measured using a Dataphysics
OCA. The volume of the drop was 20 mL and the measurement
was performed after 10 s of substrate–water contact.
Mechanical measurements were performed using a Perkin
Elmer DMA device in the traction mode. The elastic modulus
was recorded as a function of temperature; from 50 1C to 50 1C.
Specimens were bars ca. 5  8  1 mm.
Atomic force microscopy, AFM
AFM experiments were performed using a Multimode AFM
equipped with a NanoScope IIIa controller from Veeco
(Manchester, UK) operating in tapping mode in air; the
Nanoscope 5.30r2 software version was used. Si-cantilevers from
Veeco (Manchester, UK) were used with a force constant of
2.8 N m 1 and a resonance frequency of 75 kHz. The phase
signal was set to zero at a frequency 5–10% lower than
the resonance one. The drive amplitude was 600 mV and the
amplitude setpoint Asp was 1.8 V. The ratio between the amplitude
setpoint and the free amplitude Asp/A0 was kept equal to 0.8.
Protein adsorption
Fibronectin from human plasma (Sigma, Barcelona, Spain)
was adsorbed on the diﬀerent substrates by immersing the
material sheets in a solution of concentration 20 mg mL 1 in PBS
for 10 min. After adsorption, samples were rinsed in PBS to
eliminate the non-adsorbed protein. Remaining drops on the
surface were removed by exposing the sample to a nitrogen ﬂow
for 2–3 minutes. AFM was performed in the tapping mode
immediately after sample preparation. Height, phase and amplitude
magnitudes were recorded simultaneously for each image.
To quantify the amount of adsorbed ﬁbronectin, we measured
the remaining protein in the supernatant, i.e. the amount of
protein that remained in solution without adsorbing on the
material surface, as explained elsewhere.32 Diﬀerent aliquots of
non-adsorbed protein on substrates were subjected to 5%-SDS
polyacrylamide gel electrophoresis (PAGE), using Laemmli buﬀer
2 and denaturing standard conditions. Proteins were transferred
to a positively charged polyvinylidene diﬂuoride nylon membrane
(GE Healthcare) using a semidry transfer cell system (Biorad), and
blocked by immersion in 5% skimmed milk in PBS for 1 h at
room temperature. The blot was incubated with anti-human
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ﬁbronectin polyclonal antibody (developed in rabbit, Sigma)
(1 : 500) in PBS containing 0.1% Tween-20 and 2% skimmed
milk for 1 h at room temperature and washed three times
(10 min each) with PBS containing 0.1% Tween-20 and 2%
skimmed milk. The blot was subsequently incubated in horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G (GE Healthcare) diluted 1 : 20 000 PBS containing
0.1% Tween-20 and 2% milk (1 h at room temperature). The
enhanced chemiluminescence detection system (GE Healthcare)
was used according to the manufacturer’s instructions prior to
exposing the blot to an X-ray ﬁlm for 1 min.
Image analysis of the western bands was done using in
house software developed under MATLAB R2009b (The
MathWorks, Inc., Natick, MA, USA). All the western blotting
bands were digitized using the same scanner (Epson Stylus
Photo RX500, Seiko Epson Corp., Nagano, Japan) and the
same scan parameters: 8 bits gray scale image and 300 dpi. The
digitized images were binarized using Otsu’s method, which
chooses the threshold that minimizes the intraclass variance of
the thresholded black and white pixels, in order to create a
mask that automatically selected the edge of each western blot
band.33 This mask was applied to a negative version of the
original scanned picture providing a resulting image that
contained only the western bands. The last step of the process
consisted ﬁnally in adding all the pixels that conformed each
band correctly weighted by its intensity level.
Cell culture
Human bone marrow stromal cells were obtained from hematologically normal patients undergoing routine hip-replacement
surgery as described previously with full ethical approval and
patient consent.34 Skeletal/mesenchymal stem cell populations
were enriched from the bone marrow stromal cell population
with Stro-1 selection using magnetic activated cells sorting
(MACS) as previously detailed.35 Stro-1 has been used as a
stringent marker for enhancing the most primitive multipotent
population of the bone marrow.36–39 Thus, these cells can be
used at very low passage preventing phenotypical drift due to
prolonged culture/excessive passaging. Prior to seeding on
FN-coated substrates, STRO-1+ cells were cultured in
75 cm2 tissue culture ﬂasks and cells were maintained in basal
medium (aMEM supplemented with 10% foetal bovine serum
and 2% antibiotics) at 37 1C. All cells used in this study were
from passage 3 or lower.
Sample disks (12 mm diameter) previously sterilized in UV
for 1 h and placed in a 24-well tissue culture plate were
hydrated with PBS and coated with FN 20 mg mL 1 (1 h at
room temperature). Then, 1  104 cells were placed onto each
substrate and the experiments were carried out in aMEM
medium under serum-free conditions at 37 1C in a humidiﬁed
atmosphere under 5% CO2 for 2 h, in order to study the initial
adhesion on FN coated substrates. After that, the medium was
changed to aMEM medium with 10% FBS, in order to
provide the necessary nutrients during the incubation time,
and the substrates were incubated at 37 1C for diﬀerent times:
3 days for cell adhesion, 1 day to detect the phosphorylation of
Runx2, and 21 days for osteocalcin (OCN) and osteopontin (OPN)
expression. The medium was replaced after one culture day in all
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experiments, and it was changed twice weekly in experiments of
21 days. Each experiment was performed in triplicate.
Immunoﬂuorescence (vinculin, Runx2, OPN, OCN)
After diﬀerent culture times, MSCs were washed in phosphate
buﬀered saline (PBS) and ﬁxed with 4% formaldehyde (Fisher)
with 2% sucrose in phosphate-buﬀered saline (PBS), at 37 1C
for 15 minutes. Afterwards, the samples were rinsed with PBS
and a permeabilising buﬀer (10.3 g sucrose, 0.292 g NaCl, 0.06 g
MgCl2, 0.476 g Hepes buﬀer, 0.5 mL Triton X, in 100 mL PBS,
pH 7.2) was added at 4 1C for 5 minutes. The samples were
saturated then with 1% BSA/DPBS at 37 1C for 5 minutes.
Subsequently they were incubated at 37 1C for 1 h with primary
antibody against vinculin (monoclonal mouse antibody, Sigma,
1 : 150) and with rhodamine-conjugated phalloidin (Invitrogen,
1 : 50) to stain actin; or phosphoRunx2 (rabbit polyclonal,
Abgent, 1 : 100), or OPN (mouse monoclonal, Autogen
Bioclear, 1 : 50), or OCN (mouse monoclonal, Autogen Bioclear,
1 : 50), all of them dissolved in 1% BSA in PBS. After three
washes with PBS/0.5% Tween 20, the appropriate biotinylated
anti-mouse or anti-rabbit secondary antibody (Vector Laboratories,
1 : 50) was incubated for 60 minutes at 37 1C, followed by
ﬂuorescein streptavidin tertiary label (Vector Laboratories,
1 : 50) for 30 minutes at 4 1C. Finally the samples were rinsed
in PBS three times before mounted in Vectashield containing
DAPI staining (Vector Laboratories). Secondary and tertiary
antibody controls were performed for these cells. An Axiovert
200 M ﬂuorescence microscope was used for imaging.
Image analysis
All image processing and analysis were done using an in house
software developed under MATLAB R2009b (The MathWorks,
Inc., Natick, MA, USA).
The size distribution of the focal plaques was determined
through a several-step image analysis including a contour
delineation of the cell. For a perfect segmentation of the cell,
(i) images showing the actin cytoskeleton were grayscaled and
equalized. (ii) The cell was then detected (segmented); since the
cytoskeleton diﬀered greatly in contrast from the background
image, a gradient-magnitude method (Sobel)40–42 was applied
to the image and once the gradient image was calculated,
a binary mask was created containing the segmented cytoskeleton. (iii) Compared to the original image, the binary
gradient mask showed gaps in the lines surrounding the cell
(the outline of the object of interest was not completely
delineated). These linear gaps disappeared when the Sobel
image was dilated using linear structuring elements (a vertical
structuring element followed by a horizontal one), obtaining a
clear and perfect contour detection of the cell. Once the cell
was correctly segmented, the obtained binary mask was then
applied to the image obtained in the red channel for vinculin.
This permitted focus on the cell and the focal adhesions, as any
other object in the image was virtually erased. This new image
was then binarized through Otsu’s method and size-ﬁltered to
avoid any extra small particles in the image that did not
represent focal plaques whose sizes need to be determined.33
Once the sizes of the focal contacts were determined, a size
distribution was easily obtained.
Integr. Biol., 2012, 4, 531–539
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To quantify the level of diﬀerentiation markers from ﬂuorescence images (osteocalcin, osteopontin, phosphoRunx2), images
were ﬁrstly equalized, providing an output grayscale image with
its intensity values evenly distributed throughout the intensity
range. Afterwards, they were segmented into 5 diﬀerent classes
by means of Otsu’s multiple thresholding method.33 Each class
was then size-ﬁltered using an opening morphological operator
to eliminate remaining isolated pixels and the existing gaps were
ﬁlled using an erosion morphological operator followed by a
dilation one, using a diamond structuring element of size 3. The
calculus of the intensity and the area covered by the 3 most
brightest classes of the 5 diﬀerent ones into which the image was
segmented previously was then easily performed.
Statistics
All experiments were performed at least three times, in triplicate,
unless otherwise noted. Data are reported as mean  standard
error. Results were analyzed by one-way ANOVA using
SYSTAT 8.0 (SPSS). If treatment level diﬀerences were determined
to be signiﬁcant, pair-wise comparisons were performed using
a Tukey post hoc test. A 95% conﬁdence level was considered
to be signiﬁcant.

Results
Material properties
The material substrates in this study consist of a vinyl backbone
chain with the side groups –COO(CH2)xH, with x = 1, 2, 4
(Fig. 1a). Surface wettability for these substrates remained
approximately constant at 801 (Fig. 1b). In contrast, the elastic
moduli (matrix elasticity) were observed to decrease monotonically as the number of methyl groups in the side chain
increased, without modifying any other functionality of the
system (Fig. 1c). Similarly, the glass transition temperature of
the system, a dynamic property that accounts for the mobility
of the polymer chains, decreased from 10 1C to 50 1C as x
moved from 1 to 4. Topography of the surfaces was examined
by AFM prior to protein adsorption. Similar roughness parameters
were obtained regardless of the polymer composition (Ra = 20 nm
and Rms = 25 nm). In addition, we scanned the surface of the
materials following immersion in PBS (in the absence of FN)
and no signiﬁcant modiﬁcation in roughness was found. This
family of materials provides a system with minimal variations
in surface chemistry, similar wettability and qualitatively
diﬀerent stiﬀness and surface mobility.

Fig. 1 Properties of the material substrates. (a) Chemical structure of
the diﬀerent substrates with increasing length of the side group: methyl
(PMA), ethyl (PEA) and butyl (PBA). (b) Water contact angles of the
diﬀerent substrates as a function of the length of the side group
(number of C). (c) Substrate’s elastic modulus as a function of the
length of the side group (number of C) as obtained at 37 1C. (d) Glass
transition temperature of diﬀerent substrates as a function of the
length of the side group (number of C). The standard deviation of ﬁve
independent measurements is included. Where not visible, it is lower
than the size of the symbol.

the surface density of FN on the diﬀerent materials after
adsorption from a solution of concentration 20 mg mL 1.
The amount of adsorbed protein remains approximately constant
(450 ng cm 2) among surfaces (Fig. 2a).

Fibronectin adsorption
The surface density of adsorbed FN was quantiﬁed by western
blot to analyse the amount of protein present in the supernatant
following adsorption on the material surface. A calibration
curve was built by loading gels with known amounts of FN
and the resulting bands quantiﬁed by image analysis making
use of Otsu’s algorithm to systematically identify the band
borders.33 Each experiment of FN adsorption included the
loading in the gel of two known amounts of FN (reference
points) that correspond to points included in the calibration
curve (allowing the position of the whole calibration curve to
be veriﬁed for each adsorption experiment).32 Fig. 2a shows
534
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Fig. 2 Fibronectin adsorption and distribution on the material
surfaces from a solution of concentration 20 mg mL 1. (a) Fibronectin
surface density as a function of the length of the side group
(number of C). (b) Fibronectin (white) distribution on the diﬀerent
substrates as observed by the phase magnitude in AFM. PMA (b),
PEA (c), and PBA (d).
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distribution on the material surface: globular aggregates on PMA
(x = 1) and organized ﬁbrils on PEA and PBA (x = 2, x = 4).
Cell adhesion

Fig. 3 Focal adhesion formation (vinculin, top) and actin cytoskeleton organization after 3 days on FN coated surfaces for cells on the
diﬀerent surfaces. PMA (a, d), PEA (b, e) and PBA (c, f).

Fig. 2b–d shows the AFM images of the adsorbed FN on
the diﬀerent substrates from a protein solution of concentration
20 mg mL 1 for 10 min (concentration used to coat the material
surfaces prior to cell culture). The adsorption process gives rise
to the formation of FN networks on PEA (x = 2) and PBA
(x = 4) but not on PMA (x = 1), on which only dispersed FN
molecules are observed. Detailed explanation on the inﬂuence
of the concentration of the protein solution on FN distribution
throughout the material surface on this family of polymers
are detailed elsewhere.31 Overall, Fig. 2 shows that the
same density of FN is adsorbed on every substrate but in
diﬀerent conformation that gives rise to altered supramolecular

Cell adhesion was evaluated after 3 days of culture on the
FN-coated surfaces to ensure a good adhesion on the surface
and still be individual cells.43 In this way we focus on
cell–material interaction rather than cell–cell interaction. It is
important to note that the initial cell–material interaction
occurred in serum-free medium. Thus, initial cell contact is
only via the initial layer of adsorbed FN on the material
surfaces. Fig. 3 demonstrates the overall morphology of cells
following staining for actin. Cells were noted to present
prominent actin ﬁbers terminating at well-developed focal
adhesion complexes, as depicted in Fig. 3 for vinculin.
The area of the focal plaques was quantiﬁed by image analysis
for several (n 4 10) cells on the diﬀerent substrates and focal
plaque frequency distribution presented in Fig. 4. The distribution
of focal plaques was similar for cells on the three surfaces, with a
higher fraction (40%) of the smallest adhesions (o1 mm2) that
decreased monotonically up to 6 mm2 (Fig. 4b). In contrast, there
are signiﬁcant diﬀerences for the distribution of the absolute
number of focal contacts per cell: Fig. 4c demonstrates higher
numbers of focal contacts of 1, 2 and 3 mm2 on the substrate with
the longest side group (x = 4). This is more clearly observed in
Fig. 4d illustrating the total number of focal adhesions per cell
which was qualitatively higher on x = 4.

Fig. 4 Image analysis of focal adhesions. (a) The sequential process described in the text to delimitate focal adhesion plaques from the original
image is shown for one cell. (b) Size distribution of focal adhesion plaques on the diﬀerent substrates as quantiﬁed by image analysis. (c)
Distribution of the number of focal plaques per cell as a function of the area of the focal plaques. (d) Total number of focal plaques per cell on the
diﬀerent substrates (number of C).
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Fig. 6 Osteocalcin staining of osteoprogenitors after 21 days of culture on
the diﬀerent surfaces containing increasing number of carbons in the side
group, PMA (1), PEA (2) and PBA (4). The graph shows quantiﬁcation
from images as described previously in the text and Fig. 5.

Fig. 5 Image analysis for quantiﬁcation of osteoblastic markers
(osteocalcin, osteopontin and Runx2). The ﬁgure shows the sequential
process described in the Experimental section.

Cell diﬀerentiation
The eﬀect of the subtle variations in surface chemistry on
mesenchymal or skeletal stem cell diﬀerentiation was examined
in basal media. Taking into account the range of stiﬀness
measured on these materials, diﬀerentiation along the osteoblastic
lineage was determined. The immunoﬂuorescence staining of
secreted matrix-associated proteins (OCN and OPN) were
used as markers of osteoblastic diﬀerentiation.6–8 We have
developed a methodology to quantify immunoﬂuorescence
images for osteogenic markers, as detailed in the Experimental
section and shown in Fig. 5 for osteocalcin (OCN) secretion on
one of the surfaces. Fig. 6 shows representative images
for OCN expression on the diﬀerent substrates examined.
Quantiﬁcation of the images shows non-monotonical dependence
for OCN expression as the number of carbons increases in the
side group of the substrates. Thus, OCN was upregulated on
PMA (x = 1) and PBA (x = 4), while lower expression was
observed on PEA (x = 2). The elastic modulus was noted to
decrease and surface mobility increases monotonically as the
length of the side groups increased (x from 1 to 4). Thus our
data show that OCN expression depends non-monotonically on
physical properties of the matrix for this family of FN-coated
surfaces. Similar results were observed for osteopontin (OPN)
secretion on the diﬀerent substrates (Fig. 7). In contrast, the
dependence of the phosphorylation of Runx2 was upregulated
for cells on PBA (x = 4), although no signiﬁcant diﬀerences
were found between PMA (x = 1) and PEA (x = 2). In all
cases, glass was included as a control surface.
536
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Fig. 7 Osteopontin staining of osteoprogenitors after 21 days of culture
on the diﬀerent surfaces containing increasing number of carbons in the
side group, PMA (1), PEA (2) and PBA (4). The graph shows quantiﬁcation from images as described previously in the text and Fig. 5.

Discussion
Mesenchymal stem cells respond dramatically in both morphology
and lineage to physical characteristics of the matrix presented,
including surface chemistry,9 nanotopography4 and stiﬀness,6
even in the absence of soluble factors in the media.4,6 Here
we present evidence of a non-monotonical dependence of
mesenchymal stem diﬀerentiation on a family of substrates
with subtle variations of surface chemistry, namely the sequential
addition of methyl groups in the side group of a vinyl chain
(Fig. 1). A set of substrates were synthesized with similar surface
wettability (Fig. 1b), but monotonically decreasing mechanical
properties (the stiﬀness is accounted for by the elastic modulus in
Fig. 1c), and glass transition temperature (Fig. 1d). The glass
transition temperature (Tg) is related to the mobility of the
polymer chains, which is frozen at temperatures below the glass
transition and increases dramatically at temperatures above Tg.44
More speciﬁcally, it has been recently shown that surface layer
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mobility is enhanced as the glass transition temperature of the
ﬁlms decreased.45 It is important to remark here that surface
mobility, as accounted by the Tg, is a magnitude whose
physical origin is independent of the mechanical moduli of
the material: the mobility of the polymer chains is higher, at
e.g. 37 1C, the lower the Tg of the sample, and while mechanical
response involves the deformation of the substrate, surface
mobility occurs regardless of the mechanical actions performed
on the substrate. That is to say, adsorbed proteins are able to
sense surface mobility but remain unaﬀected by the mechanical
properties of the surface.
It is well-known that cell–material interactions occur
through the intermediate layer of proteins between the material substrates and the living cells: the amount of adsorbed
protein and its conformation direct integrin binding, focal
adhesion composition and signalling.46,47 Approximately the
same amount of FN was adsorbed on our family of polymers
(Fig. 2a). The measured FN surface density (B450 ng cm 2)
was not dependent on the length of the side group of the
polymer chains (x = 1–4). However, the distribution and
conformation of the adsorbed FN, which determine its biological
activity, showed some variations among the substrates. PEA is a
well-studied polymer able to trigger FN organisation upon
adsorption, leading to a physiological-like material-driven ﬁbronectin ﬁbrillogenesis in the absence of cells.48,49 The dynamics of
the assembly process for the FN network on PEA has been
followed by AFM, and the resulting supramolecular network
shown to be biologically active, driving cell adhesion, focal
adhesion formation and matrix deposition as well as enhanced
myoblast diﬀerentiation.48,49 Similarly, comparable supramolecular organisation of the adsorbed FN layer was found on
PEA and PBA after adsorption from a solution of concentration 20 mg mL 1 (similar to that used to investigate
cell–material interaction) irrespective of the small diﬀerences
in material chemistry and, consequently, independently of
physical properties of these matrices such as either stiﬀness
or surface mobility.31 By contrast, only globular FN molecules
are distributed across the PMA surface (Fig. 2b), which
supports the idea that minute variations in polymer chemistry
alter FN conformation during adsorption.30
Our data show that it is too simplistic to discuss physical
properties such as stiﬀness without considering the absorbed
protein layer between the surface and cell. In this study, we
show that whilst stiﬀness changes so does FN conformation. If
the activity of the intermediate protein layer at the material
interface is neglected, contradictory results are obtained in terms
of cell diﬀerentiation. For instance, when MC3T3 pre-osteoblastic
cells are cultured on polyacrylamide substrates with diﬀerent
mechanical properties—achieved by changing the fraction of the
crosslinker—proliferation and osteogenic diﬀerentiation were
maximized on rigid substrates.50 In contrast, when the same cell
line was cultured on alginate gels of similar mechanical moduli, the
cells were found to diﬀerentiate faster on the softer substrates.51
Thus these opposing results, using the same cell line and substrates
of similar stiﬀness, would appear to be a consequence of altered
protein activity that occurs due to the chemical modiﬁcations of
the underlying substrates performed to tailor activity.
FN activity is the same on PEA and PBA, in terms of
adsorbed density and supramolecular distribution (Fig. 2),
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which allowed investigation of the eﬀect of matrix physical
properties on cell diﬀerentiation, after discarding eﬀects purely
related to the organisation of FN at the cell–material interface.28 The eﬀect of matrix elasticity on mesenchymal stem cell
diﬀerentiation has been described to occur on synthetic
substrates of stiﬀness that mimic the physiological tissue
microenvironment, that for osteoblastic lineages should be in
the range of osteoid precursors of bone (25–40 kPa).4 Fig. 1c
shows that the elastic modulus measured for PEA and PBA is
one order of magnitude higher (500 kPa) than the stiﬀness of the
natural microenvironment. Thus, since cells must deform the
substrate to sense the substrate, taking into account the range of
force cells can exert (which range from 1 to 5 nN mm 2)52,53 as
well as the distribution of focal adhesions that we have
quantiﬁed (Fig. 3), it would appear that cells are not able to
deform the underlying substrates and, consequently, both
PEA (x = 2) and PBA (x = 4) must be sensed as simply rigid
substrates by cells. This would indicate that changes are not
linked to stiﬀness.54
There is some evidence that the mobility of the adhesion
ligands at the cell–material interface improves cell behavior.
Increasing the tether length of a synthetic peptide containing
the RGD and the synergy sequence PHSRH to the underlying
substrate enhanced cell spreading and reduced the time to
form focal adhesions.55 Similarly, disorder can be interpreted
as one form of mobility, and it was found that disordered
nanopatterns of RGD on a bioinert background provided a
much greater variety of ligand density for positive cell adhesion.56 On a more physical ground, disorder and mobility are
related to the same thermodynamic magnitude: entropy; which
would suggest that surfaces of higher entropy would favor
cell adhesion. Furthermore, osteoblast diﬀerentiation of
skeletal stem cells has been found to be enhanced on disorder
nanoscale topographies,6 which can be equally described as
surfaces of increased entropy as compared to the order
system with qualitatively the same nanotopography. In this
study we demonstrate that even if FN is adsorbed with the
same density and supramolecular distribution on PEA (x = 2)
and PBA (x = 4), cell diﬀerentiation along the osteoblastic lineages is enhanced on PBA (x = 4) (Fig. 6–8) on
which more focal adhesions are found (Fig. 4). The glass
transition temperature of PBA (x = 4) is 30 1C below that
of PEA (x = 2), which means that surface mobility is
enhanced on PBA.
This property can also be related to the fact that the
organization of FN takes place with faster dynamics on
PEA than PBA, i.e. from lower concentrations of the adsorbing FN solution, on PBA than on PEA.31 Strikingly, surface
mobility not only enhanced cell adhesion, as previously shown
for other systems,51 as seen by the higher number of focal
adhesion plaques found in PBA (x = 4) than PEA (x = 2)
(Fig. 4), but it targets skeletal stem cell diﬀerentiation along
the osteoblastic lineage with greater eﬃciency, as shown by the
upregulation of characteristic osteoblastic markers osteocalcin, osteopontin and Runx2 (Fig. 6–8). In addition, it has been
recently shown that subtle diﬀerences in –CH3 chain lengths
(an associated surface mobility) are able to induce changes in
MSC phenotype,57 supporting a direct eﬀect of surface mobility on cell diﬀerentiation.
Integr. Biol., 2012, 4, 531–539
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Notes and references

Fig. 8 Phosphorylation of Runx2 staining of osteoprogenitors after 1
day of culture on the diﬀerent surfaces containing increasing number
of carbons in the side group, PMA (1), PEA (2) and PBA (4). The
graph shows quantiﬁcation from images as described previously in the
text and Fig. 5.

Conclusions
The system based on a vinyl chain with the side groups
–COO(CH2)xH, and x = 1, 2, 4, allows assessment of the
inﬂuence of minute variations in surface chemistry in protein
adsorption and cell diﬀerentiation. Thus, transition from
x = 1 to x = 2 drastically alters FN distribution at the
cell–material interface, such that other physical parameters of
the matrix (e.g. stiﬀness) do not play any role in cell diﬀerentiation. However, FN activity (surface density and distribution) is
similar on the surfaces x = 2 and x = 4, which allows the
investigation of the role of other physical properties of the
matrix in cell diﬀerentiation. Stiﬀness of this family of surfaces
is well above the physiological elastic moduli of the osteoid
precursors of bone, and consequently they behave simply as stiﬀ
surfaces for the cell mechanomachinery. Nevertheless, surface
mobility is higher on x = 4 than x = 2, demonstrated by the
glass transition temperature of the system, which enhanced cell
adhesion and enhanced diﬀerentiation of mesenchymal stem
cells to the osteoblastic lineage.
Thus, this study has demonstrated surface mobility, and its
quantiﬁcation by the glass transition temperature, as a new
physical parameter of the matrix able to direct skeletal stem
cell diﬀerentiation. Our ﬁndings indicate the potential to
modulate stem and progenitor cell commitment along desired
lineages through surface mobility of the underlying material
surface with implications therein for reparative strategies in,
for example, an increasing elderly population.
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