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While cells are known to sense and respond to their niche including the matrix and the mechanical
microenvironment, whether they preferentially sense and react to the stiffness of their
microenvironment regardless of its intrinsic material properties is unknown. In this work, protein
micropillar arrays with independently controllable stiffness via alterations in pillar height and elastic
modulus via laser power used during photochemical cross-linking, were fabricated using a recently
developed multiphoton-based 3D protein micro-patterning technology. Human dermal fibroblasts
were cultured on these micropillar arrays and the specific interactions between cells and the protein
micropatterns particularly on the formation and maturation of the cell-matrix adhesions, were
investigated viaimmunofluorescence staining of the major molecular markers of the adhesions and
the measurement of their cluster size, respectively. Our results showed that the cluster size of focal
adhesions increased as the stiffness of the micropillar arrays increased, but it was insensitive to the
elastic modulus of the protein micropillars that is one of the intrinsic material properties. This finding
provides evidence to the notion that cells preferentially sense and react to the stiffness, but not the
elastic modulus of their microenvironment.

A great deal of recent evidence has shown that mechanical microenvironment, particularly elastic modulus and
stiffness, plays a very important role in determining the cell fates, such as migration'?, proliferation® and differ-
entiation®°. Cell matrix adhesions are complex structures mediating the interaction and attachment of cells to a
substrate and enabling cells to sense such mechanical microenvironment in the extracellular matrix (ECM). The
primary sites of cell-matrix interactions are known as matrix adhesions such as focal adhesions’ which consist
of complex sub-cellular structures, linking the cytoskeleton to the ECM and regulating crucial activities such as
angiogenesis® and wound healing®. Integrins'® are matrix receptors consisting of heterodimers with one a-chain
and one 3-chain and they initialize the adhesion between cells and their ECM. Different integrins usually have
different preferences for different ECM ligands and are involved in different cell behaviors. Both av and 31 chains
of integrin were reported to form the nascent adhesion'! and activate FAK family kinase'?. Paxillin'® as another
important component of focal adhesions plays an important role in several signaling pathways that regulate cell
activities such as attachment'* and migration'®. Upon ECM engagement through integrin receptors, FAK was
activated and recruited to the focal adhesions'®"”. In some studies, the size of the focal adhesion clusters was
reported to be positively related to both the elastic modulus'® and stiffness'® of the ECM.

Although ample evidence has been gathered to show the importance of microenvironment stiffness on cellular
fate processes?®?!, it remains unclear whether the ECM stiffness is an overriding factor, compared with other fac-
tors of the ECM such as its intrinsic elastic modulus, which is known to associate with the microstructure of the

1Tissue Engineering Laboratory, Department of Mechanical Engineering, The University of Hong Kong, Pokfulam
Road, Hong Kong Special Administrative Region, China. 2Department of Mechanical Engineering, The University
of Hong Kong, Pokfulam Road, Hong Kong Special Administrative Region, China. 3Department of Biomedical
Engineering, School of Medicine, Tsing-hua University, Beijing, China. Correspondence and requests for materials
should be addressed to B.P.C. (email: bpchan@hku.hk)

SCIENTIFICREPORTS |7: 12402 | DOI:10.1038/541598-017-12604-z 1


mailto:bpchan@hku.hk

www.nature.com/scientificreports/

material. Clarifying this issue is of high significance to the reliability of in vitro experimentation, since, firstly, it
is never possible to create a microenvironment in the laboratory that can duplicate exactly the in vivo conditions.
And secondly, one can legitimately query whether experiments performed on different types of microenviron-
ment are directly comparable. If the ECM stiffness can be proven to be a dominating factor for cell fate mech-
anoregulation, then the need becomes a simple one which is to ensure that the microenvironment used exhibits
comparable stiffness between experiments, or with in vivo conditions, regardless of its elastic modulus. Both
elastic modulus and stiffness measure a substance’s resistance to deformation, but they are not totally the same.
Elastic modulus is an intrinsic property of a material that is independent of geometry*?, while stiffness, measured
in Newton per meter, is an extrinsic property of a structure that usually depends on both material and shape
conditions®. Another reason to differentiate the effects of stiffness and elastic modulus on cellular fates is the
confusion of the use of terminologies related to mechanoregulation studies. For example, in a report investigating
the dependence of stem cell lineage specification on substrate stiffness®’, what was being manipulated was actually
elastic modulus, measured in Newton per unit area, rather than stiffness. Moreover, some studies used rigidity,
instead of stiffness, to denote elastic modulus?' but it usually refers to stiffness.

Hydrogel assay has been used to study mechanosensing of stiffness and elastic modulus for long and it has an
advantage of allowing for studying both normal and tangential traction stresses. Some studies that made use of
polyacrylamide gel as the substrate to culture cells modulated elastic modulus by changing the ratio of substrate
to crosslinker concentration ratio?'. Other studies modulated stiffness by changing the thickness of hydrogel
without altering its composition, microtopography and elastic modulus, enabling the decoupling between elastic
modulus and stiffness. For tangential deformations and traction stresses, Lin YC. et al. showed theoretically and
experimentally that altering substrate thickness of polyacrylamide gels modifies the substrate stiffness®*. For the
general 3D case, del Alamo et al. developed the theory showing how stiffness depends on substrate thickness*.
More recently, Aung et al. used this idea to show experimentally that cancer cells sense substrate stiffness using
matrigel substrates of constant composition but varying thickness?>?°. However, the differential sensitivity of cells,
in terms of cell matrix adhesion maturation, to elastic modulus and stiffness has not been studied.

To study the relative importance of stiffness versus the intrinsic property of the microenvironment on focal
adhesion maturation, which is a pre-requisite for important cellular fate processes including proliferation
and migration, we employ arecently developed multiphoton-based microfabrication technology? to fabricate
micropillar-array substrates for cell culture that exhibits different in-plane stiffness and contact areas sensed by
the cells. The technique involved is a 3D printing technology that enables the fabrication of user-defined pro-
tein micropatterns with sub-micron resolution and high aspect ratios, allowing spatial and independent control
of the topology?’, porosity?, mechanical proprieties?® and the type of ECM proteins used, via a wide range of
independently controlled fabrication parameters including the scanning power, reagent parameters such as the
photosensitizer concentration, and geometry parameters such as the shape of the protein micropatterns. The
micropatterns fabricated this way can be used directly as cell culture substrates for cell niche studies particularly
on the mechanical and the matrix niche. In this work, we aim to study the maturation of the cell-matrix adhesions
of human dermal fibroblasts cultured on protein micropillar arrays with independently controlled stiffness and
elastic modulus produced by this fabrication technology.

Mechanics Foundations

Before discussing the experiments, a clear definition of the stiffness of a substrate for cell culture needs to be
given. For a flat substrate without surface patterning, a tangential stiffness may be defined as the magnitude of
a force acting tangentially on the substrate surface required to produce unit displacement of the contact region
along the force direction. The tangential stiffness of an elastic flat surface over a circular contact region of diame-
ter D, as felt by a rigid stylus, is given as?

a6
St = D[z—u] )

where v is Poisson ratio and G the shear modulus of the surface material. For a homogeneous, flat substrate with-
out elastic anisotropy, all locations on the surface would have the same tangential stiffness defined this way which
is also a scalar rather than a tensor.

For a substrate for cell culture with a micropatterned surface, however, the above definition of tangential stiff-
ness is inconvenient as the stiffness value would no longer be location or direction independent. Also, a cell lying
on top of a micropatterned substrate may not touch the trough regions of the substrate, and so for the purpose of
discussing cell-matrix interactions or mechanoregulation, a more relevant definition of stiffness would be needed.
For the type of micropillar-array patterned substrates studied in this work, traction-force microscopy has shown
that a cell sitting on such a substrate will exert tangential forces trying to bend each of the contacting micropil-
lars®. We therefore define the tangential stiffness of a micropillar array, for the purpose of studying cell-matrix
interactions, as the tangential force a rigid cylindrical stylus of diameter D would need to exert in order to bend
each of the contacting pillars by unit displacement along the force direction. For a single pillar, its bending stift-
ness is given as

_ 3Bl 3E nd
I I o4 (2)
where E is the intrinsic Young modulus of the material, I the second moment of the cross-sectional area of the

pillar (for a circular pillar), and L and d are the height and diameter of the pillar respectively. The tangential stiff-
ness of a regular array of micropillars that would be analogous to that in eqn. (1) for a flat substrate is therefore
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Figure 1. F-actin staining of human dermal fibroblast on micropillars with heights 4 pm (A), 8um (B) and
18 um (C). Scale bar 20 um. Cell spreading area (D) defined as the area of F-actin was quantified by Image J.
(n=10) SEM images were taken of micropillars with heights 4 um (E), 8 um (F) and 18 um (G). Scale bar 50 um.
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where n is the number of pillars per unit area in the array.

In our experiments, micropillar arrays of fixed center-to-center spacing of the pillars were used for cell cul-
ture. Thus, in eqn. (3), the areal density # of the pillars was a constant, although the pillar geometry and Young
modulus were varied to enable s to change. Therefore, for a given stylus dimension, i.e. only the bending stiffness
of individual pillars matters. The pillar bending stiffness s in eqn. (2) is referred simply to as “stiffness” in the
following.

In our experiments, we aim to test a hypothesis that cells will preferentially sense and react to the stiffness
defined in eqn. (2) above, which is related to both the geometry factors I and L, as well as the intrinsic Young
modulus E of the protein material of the micropillars, rather than E alone, which is related to the material micro-
structure or physical nature. As mentioned earlier on, although eqns. (1) to (3) above would make the difference
between stiffness and elastic modulus clear in the case of cell-culture substrates, such a difference is often mixed
up in the tissue-engineering literature, and hence understanding the specific effects of the two quantities on
cell-matrix interactions is important.

Experimental Results

Increasing micropillar stiffness increased cell spreading and enhanced focal adhesion matu-
ration. According to eqn. (2), keeping the material elastic modulus E the same by using the same fabrication
parameters for substrate, the stiffness of the micropillars was modulated by varying the height of the micropil-
lars while their diameter and center-to-center spacing were kept at 2 and 6 um respectively. Figure 1 shows the
F-actin expression of human dermal fibroblast after three days’ culture on protein micropillar arrays with differ-
ent heights and hence stiffness. Cells were widely spread with extensive stress fibers when cultured on arrays of
protein micropillars with high stiffness at 1.014 nN/pum, corresponding to a pillar height of 4 um (Fig. 1A). On
micropillars with moderate stiffness of 0.137 nN/pum, corresponding to a micropillar height of 8 um, cells were
less spread and stress fibers less extensive (Fig. 1B). On arrays of protein micropillars with extremely low stiffness
at 0.012 nN/pm, corresponding to a micropillar height of 18 pm, cells were least spread with short actin fibers
(Fig. 1C). The cell spreading area quantified from the F-actin staining showed an increasing trend as the sub-
strate stiffness increased (Fig. 1D), in that the average cell spread area was <1000 um? on the softest micropillars
(0.012nN/pm) but >2000 pm? on the stiffest micropillars (1.014 nN/pm). Figure 1E-G shows the SEM images
of micropillars with different heights 4 um (E), 8 um (F) and 18 um (G) while, as said before, their diameter and
center-to-center spacing are constant at 2 um and 6 pm respectively.

Integrin alpha v, pFAK(Y397) and paxillin are important components of focal adhesions. Figure 2 shows the
immunofluorescence staining of these molecular markers for focal adhesions in human dermal fibroblasts after
three days’ culture. The size of the focal adhesions on micropillars increased on increasing stiffness, i.e. decreas-
ing height of the micropillars, from small dots in micropillars with height 18 um (Fig. 2A3) corresponding to a
stiffness of 0.012 nN/um, to small patches on micropillars with 8 and 4 jum heights (Fig. 2A2, A1) corresponding
to a stiffness of 0.137 and 1.014 nN/um, respectively. A statistically significant linear relationship exists between
the stiffness of the micropillars and the cluster area of integrin alpha v expression (straight line curve fitting,
R?*=10.8526, p < 0.001), between stiffness and the cluster area of pFAK(Y397) expression (straight line curve fit-
ting, R?=0.9782, p < 0.001) and between stiffness and the cluster area of paxillin expression (straight line curve
fitting, R?=0.9014, p < 0.001). Additionally, another statistically significant linear relationship exists between
the stiffness of the micropillars and the aspect ratio of integrin alpha v expression (straight line curve fitting,
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Figure 2. Staining of integrin av, pFAK(Y397) and paxillin on micropillars with heights 4 um and stiffness
1.014nN/um (A1 B1 C1), 8um and 0.137 nN/um (A2 B2 C2) and 18 um and 0.012 nN/um (A3 B3 C3). The
expression areas and aspect ratio of integrin av (A4-A5), pFAK(Y397) (B4-B5) and paxillin (C4-C5) were
quantified by Image J. (n=10) The elastic modulus for all micropillars was 30kPa. Scale bar 20 ym.

R?*=10.6891, p < 0.001), between stiffness and the aspect ratio of pFAK(Y397) expression (straight line curve fit-
ting, R?=0.7892, p < 0.001) and between stiffness and the aspect ratio of paxillin expression (straight line curve
fitting, R?=0.7937, p < 0.001).

Increasing intrinsic elastic modulus of micropillars did not change focal adhesion matura-
tion. To see whether adhesion maturation is determined by the elastic modulus E of the micropillars, micro-
pillar arrays were fabricated with materials of different elastic modulus (15, 30 and 45 kPa) by changing the laser
power during fabrication.

Figure 3 shows the change in adhesion markers including integrin alpha v, pFAK(Y397) and paxillin at dif-
ferent elastic modulus after 1 day’s culture, while the stiffness of the micropillars was kept constant at 0.137 nN/
pm. Increasing the elastic modulus of the micropillars from 15 kPa to 45 kPa, the cluster size of integrin alpha
v (Fig. 3A1-A3), pFAK(Y397) (Fig. 3B1-B3) and paxillin (Fig. 3C1-C3) did not change significantly (one-way
ANOVA, p=0.854, 0.800 and 0.994 for integrin alpha v, pFAK(Y397) and paxillin respectively). Additionally, the
aspect ratio of integrin alpha v, pFAK(Y397) and paxillin did not change significantly either (one-way ANOVA,
p=0.958, 0.965 and 0.897 for integrin alpha v, pFAK(Y397) and paxillin respectively). The effect at a longer cul-
ture duration of 3 days is also the same — Fig. 4 shows that after 3 day' culture, increasing the elastic modulus of
the micropillars from 15 kPa to 45 kPa while keeping the stiffness at 0.137 nN/pum did not result in any significant
change in both the cluster size and aspect ratio of integrin alpha v (Fig. 4A1-A3), pFAK(Y397) (Fig. 4B1-B3) and
paxillin (Fig. 4C1-C3) (one-way ANOVA, p=0.913, 0.282 and 0.993 for the cluster size and p =0.590, 0.871 and
0.792 for the aspect ratio of integrin alpha v pFAK(Y397) and paxillin respectively,).

In order to study the effect of varying the elastic modulus at different stiffness, apart from a higher stiff-
ness at 0.137 nN/pum shown in Figs 3-4, a lower stiffness of 0.017 nN/pm was also studied. Figure 5 shows the
focal adhesion markers of dermal fibroblasts cultured on micropillars of different elastic modulus (15, 30 and
45 kPa) at a low stiffness of 0.017 nN/pm, which was the result of doubling the height of the micropillars (from
7,8 and 10 pm to 14, 16 and 20 pm for the three elastic moduli). Figure 5A-C show respectively, the integrin
alpha v, pFAK(Y397) and paxillin expression on micropillars with the same stiffness 0.017 nN/um but different
elastic modulus of 15 kPa (A1, B1, Cl1), 30 kPa (A2, B2, C2) and 45 kPa (A3, B3, C3) after one day’s culture.
Compared with the expression on micropillars with high stiffness in Fig. 3, weaker expressions of integrin alpha
v, pFAK(Y397) and paxillin were observed on all micropillars. Difference in the expressions and aspect ratio of
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Figure 3. Staining of integrin av, pFAK(Y397) and paxillin on micropillars with elastic modulus 15kPa (A1 B1
C1), 30kPa (A2 B2 C2) and 45 kPa (A3 B3 C3). The expression areas and aspect ratio of integrin av (A4-A5),
pFAK(Y397) (B4-B5) and paxillin (C4-C5) were quantified by Image J. (n = 10) The stiffness and contact area

for all micropillars was 0.137 nN/um and 3.14 pm?. Scale bar 20 um.
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Figure 4. Staining of integrin av, pFAK(Y397) and paxillin on micropillars with heights 7 pm and elastic
modulus 15kPa (A1 B1 C1), 8 um and 30kPa (A2 B2 C2) and 10 um and 45kPa (A3 B3 C3). The expression
areas and aspect ratio of integrin awv (A4-A5), pFAK(Y397) (B4-B5) and paxillin (C4-C5) were quantified by
Image J. (n = 10) The stiffness and contact area for all micropillars was 0.137 nN/um and 3.14 um?. Scale bar
20 um.
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Figure 5. Immunofluorescence staining of integrin awv, pFAK(Y397) and paxillin on micropillars with heights
14 um and elastic modulus 15kPa (A1 B1 C1), 16 um and 30kPa (A2 B2 C2) and 20 um and 45kPa (A3 B3 C3).
The expression areas and aspect ratio of integrin awv (A4-A5), pFAK(Y397) (B4-B5) and paxillin (C4-C5) were
quantified by Image J. (n = 10) The stiffness and contact area for all micropillars was 0.017 nN/um and 3.14 pm?
Scale bar 20 um.

integrin alpha v, pFAK(Y397) and paxillin was not obvious on the micropillars with the same stiffness but differ-
ent elastic moduli (one-way ANOVA, p=0.854, 0.325 and 0.901 for the cluster size and p=10.877, 0.891 and 0.823
for the aspect ratio of integrin alpha v, pFAK(Y397) and paxillin respectively).

To study the effects of varying the elastic modulus against those of the contact area between the cell and each
pillar, apart from pillar cross-sectional area of 3.14 um? used in Figs 3-5, larger pillar areas of 12.56 um? and
28.26 um? were also used, by increasing the diameter of the micropillars from 2 to 4 and then to 6 um, while keep-
ing the culture time (1 day) and micropillar heights (7, 8 and 10 um) unchanged. Figure 6 shows the integrin alpha
v, pPFAK(Y397) and paxillin expressions on micropillars with different elastic modulus (15, 30 and 45 kPa) against
the contact area factor modulated via micropillar diameter. At each pillar area, expression of integrin alpha v,
pFAK(Y397) and paxillin did not demonstrate obvious dependence on the elastic modulus (one-way ANOVA in
12.56 um? contact area group, p=0.957, 0.932 and 0.899 for the cluster size and p=0.929, 0.917 and 0.937 for the
aspect ratio of integrin alpha v, pFAK(Y397) and paxillin respectively; one-way ANOVA in 28.26 um? contact area
group, p=10.854, 0.838 and 0.707 for the cluster size and p=0.856, 0.972 and 0.955 for the aspect ratio of integrin
alpha v, pFAK(Y397) and paxillin respectively).

The results in Figs 3-6 suggest that the cells only sense or react to the stiffness of the micropillar substrate, but
not the intrinsic material properties of the micropillars, or the contact area with the micropillar array.

Discussion

Using the multiphoton-based protein micropillar array platform, this work successfully decoupled two related
but distinct mechanical properties of the cell niche, stiffness and elastic modulus. It is found that human dermal
fibroblasts are sensitive to the geometry-dependent stiffness, rather than the intrinsic microstructure-dependent
elastic modulus, of the protein micropillar arrays in terms of maturation of focal adhesions. These results may
contribute to the scaffold design and niche optimization for future applications in 3D cultures and tissue engi-
neering. In addition, this study also provides direct evidence on the differential effects of elastic modulus or
stiffness on cellular activities, pointing out the importance to distinguish these two owing to the confusing termi-
nology used in the literature.

Advantages of the multiphoton protein micropattern system in mechanical niche stud-
ies. Previous studies reported that cells cultured on flat substrates such as polyacrylamide gel coated with
naturally occurring ECM with varying elastic modulus commit into different lineages® and reveal different pref-
erences of spreading® and proliferation>*2. However, these two parameters cannot be decoupled in most studies
and the question on whether cell differentially sense these two related but distinct properties cannot be studied,
despite that some recent studies of hydrogel assay modulate stiffness by changing the thickness of hydrogels, in
which stiffness is decoupled from elastic modulus successfully?2°. Micropatterns with custom-designed struc-
tural features such as the PDMS-based micropost system!*?* and our multiphoton-based protein micropillar
array system?®”?® can be used to decouple different mechanical properties by varying the structural parameters
such as height and diameter of the microposts or micropillars for stiffness control and varying the fabrication
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Figure 6. Staining of integrin o, pFAK(Y397) and paxillin on micropillars with heights 7 pm and elastic
modulus 15kPa (A1 B1 C1 D1 E1 F1), 8um and 30kPa (A2 B2 C2 D2 E2 F2) and 10 um and 45kPa (A3
B3 C3 D3 E3 F3). The diameter and contact area of micropillars were 4 um and 12.56 pm?(A-C) and 6 um
and 28.26 pum? (D-F) respectively. The expression areas and aspect ratio of integrin av (A4-A5 D4-D5),
pFAK(Y397) (B4-B5 E4-E5) and paxillin (C4-C5 F4-F5) were quantified by Image J. (n=10) Scale bar 20 pm.
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parameters such as material concentration, power and time during fabrication. However, PDMS-based system is
inert to cells that ECM coating is necessary to initiate cell-substrate interactions including adhesions. Many stud-
ies in PDMS-based system used microcontact printing*-*¢ of fibronectin®”* or collagen®*-*! to enable cell adhe-
sion to the system. Coating ECM proteins will artificially increase the integrin clustering and hence made cells
on soft substrates behave like on rigid ones*?. As a result, in PDMS-based system, cell activities cannot be studied
without ECM coating because adhesion is a pre-requisite of subsequent activities including proliferation, migra-
tion and differentiation, while if ECM is coated, the differential effects of stiffness and elastic modulus on cell
matrix adhesion can only be studied with the effects from the coated ECM. In this regard, our multiphoton-based
protein micropillar array system is ideal to study the differential sensitivities of cells towards the two related but
distinct mechanical properties, stiffness and elastic modulus, without the interference from the coated ECM. This
is because our protein micropillar system is cytocompatible and cells can bind without the need to coat specific
ECM components?, even though the ECM can be separately incorporated and controlled using separate process
parameters. Distinguishing the differential sensitivities of cells towards stiffness and elastic modulus in cell niche
studies has profound effects and implications on the design of scaffolds for future applications in 3D cultures and
tissue engineering, particularly on the structural features, the hierarchical organization and the choice of materi-
als. The current study, utilizing a multiphoton-based protein micropatterning technology, studied the maturation
of cell matrix adhesions in human dermal fibroblasts in response to protein micropillar arrays with different
stiffness or elastic modulus, after decoupling these two related and distinct parameters.

Human fibroblasts prefer to sense stiffness but not the intrinsic property elastic mod-
ulus. Stiffness, the rigidity of an object, measures the resistance of deformation in response to an applied
force and it can be varied by both elastic modulus and shape factors, such as height and diameter®. Our
multiphoton-based 3D micropatterning technology enables independent control of different mechanical
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properties®. We manipulate the stiffness of the micropillars by varying their height, similar to that of the PDMS
microposts'®. Upon cell binding to a specific substrate, formation of focal adhesions consisting of integrin alpha
v, paxillin and the signaling molecule pFAK(Y397) is a sensitive measure of the intimate cell-matrix interaction,
which is a pre-requisite to many cellular fate processes including proliferation and migration. Cell on rigid sub-
strates expressed large focal adhesion compared with small adhesion on compliant surface®’, suggesting that
integrin clustering and adhesion size are sensitive markers for cell-matrix interactions. Adhesion maturation
occurred with assembly of stress fiber and enhanced size of complex adhesion components. In our study, sig-
nificant differences in the expression pattern of F-actin and cluster size of integrin alpha v, pFAK(Y397) and
paxillin were observed among different stiftness groups. Specifically, on the shortest and most stiff micropillars,
cells formed firm adhesions as indicated by large clusters of integrin alpha v, pFAK(Y397) and paxillin. While on
the longest and most compliant micropillars, loose adhesions, as indicated by the relatively small integrin alpha
v pFAK(Y397) and paxillin clusters were formed. These results suggest that dermal fibroblasts developed more
mature adhesions on stiffer and shorter pillars, corroborating with a previous study using human mesenchymal
stem cells on PDMS microposts'®. Our micropillar platform could achieve large range of stiffness, at about 1000
folds of difference (~0.012 to 10 nN/um) while the PDMS micropost system also has a ~1000 folds of difference
in stiffness (at a high range from 1.90 to 1556 nN/um), mainly achieved through change in the aspect ratio or
height of the micropillars or microposts. However, our protein micropillar system is more biomimetic with much
lower stiftness mainly results from the lower intrinsic material property mimicking that of the native tissues, at
an elastic modulus of 30kPa in our micropillars platform, in contrast to 3 MPa in the PDMS microposts. The
cellular activity of focal adhesion maturation suggests that cells are sensitive to the geometry dependent stiffness.
Our results in the second part of the study also showed that the cell activity in adhesion maturation is not attrib-
utable to the intrinsic property elastic modulus of the micropillars, suggesting that the geometrical features are
what the cells sense. Quantifications of expression areas of integrin alpha v, pFAK(Y397) and paxillin clusters
demonstrated no obvious differences among groups with three elastic moduli, ranging from 15 to 45 kPa, made
no difference on adhesion size and hence maturation. This is apparently contradictory to previous findings[2]
that polyacrylamidegel with low elastic modulus (E~1 kPa) resulted in diffuse and dynamic adhesions while the
gel with high elastic modulus (E~30 to 100 kPa) promote stable adhesions. Firstly, results of the current study
may not be directly compared to that study because the substrate systems used were different. Specifically, a flat
polyacrylamide (PA) gel was used as the substrate in that study while a protein micropillar array was used in the
current study. The local stiffness of the polyacrylamide gel system changed as the elastic modulus was varying
through changing the ratio of acrylamide:bis-acrylamide and therefore the compliant gels with low modulus
(E~1 kPa) was also having a low stiffness. Since the PA gel system in that study did not decouple stiffness from
elastic modulus, any difference in cellular activities might be resulted from the local stiffness, but not the elastic
modulus. While in our micropillar array system, we decoupled stiftness and elastic modulus through a different
set of fabrication parameters and found that cells are more sensitive to the stiffness but not the elastic modulus
of the micropillar arrays, even against other factors including culture time, stiffness and contact area. A recent
study[43] investigated the effects of elastic modulus on focal adhesion maturation using both polyacrylamide gel
(flat gel) and PDMS (microposts) platforms, in the presence of collagen coating. Interestingly, the dependence of
focal adhesion maturation on the elastic modulus was only found in the polyacrylamide gel (flat gel) platform but
not the PDMS microposts substrate with elastic modulus ranging from 0.1 kPa to 2.3 MPa. The study attributed
the finding to the difference in ECM protein tethering between the polyacrylamide gel and the PDMS systems. In
other words, the ECM protein coating distributed evenly on all PDMS substrates ranging from 0.1 kPa to 2.3 MPa
while the amount of collagen coating on polyacrylamide gel was positively related to the elastic modulus. This
study concludes that it was the amount and distribution of collagen that dominated the different cellular activities.
Our albumin micropillar system shows that varying the elastic modulus of the micropillars did not stimulate focal
adhesion maturation, corroborating with the results from this PDMS micropost system. Although our current
study did not use a flat gel system, we did vary the contact area of the micropillar system within a narrow range
between 2 to 6 um in diameter while varying the elastic modulus of the micropillars and found no difference in
adhesion maturation. This increase in contact area of the micropillar system is different from the flat gel system
as a fibroblast still sees a micropillar with a contact area of 6 um as a pillar while the PA flat gel is much larger than
a single cell. Our separate study on decoupling the matrix niche and the mechanical niche did corroborate with
the result on sensitivity towards elastic modulus in a flat gel system with an area of 100 x 100 um. Our micropillar
system can decouple the matrix niche from the mechanical niche, a verifying example is the differential traction
force generation response from fibroblasts on micropillar arrays with and without fibronectin matrix coating as
shown in the Supplementary data in our previous report®. Moreover, the range of elastic modulus studied in
these two studies were different. The elastic moduli of the protein micropillars in the current study were compara-
ble to the moderate to high elastic modulus used in that study but the PA gels with low elastic modulus at ~1kPa
was outside the range of elastic modulus achieved by the micropillar system. The range of elastic modulus used
in the protein micropillar array system was around 10-60 kPa?, different from that of the PA gel system, ranging
from 0.1 kPa to 40 kPa, particularly at the lower bound®. It was therefore important to further expand the range
of elastic modulus achieved by the multiphoton-based protein micropillar system. Increasing the elastic modu-
lus above 45 kPa by changing the fabrication parameters will easily lead to burning while decreasing the elastic
modulus below 15 kPa will easily result in collapse of the micropillars particularly in those with high aspect ratio.
Using a cooling system to reduce the chance of burning, changing to protein materials other than bovine albumin
and photosensitizer other than rose Bengal, may further expand the range of the elastic modulus achievable by
the current micropillar system.
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Methods

Two-photon photochemical crosslinking system. A two-photon confocal laser scanning microscopy
system (Zeiss 710, Carl-Zeiss, GmbH, Jena), equipped with a mode-locked Ti:Sapphire femtosecond near infra-
red (NIR) laser (Coherent, Inc., Santa Clara, California, USA) was used to fabricate the protein microstructures.
The laser was tuned to 800 nm and a 40x/ 1.3 N.A. oil-immersion objective lens was used to aid the multiphoton
fabrication process. The laser power was measured using a power meter (Coherent, Inc.) before each round of
fabrication.

Sample loading and autofocusing. Glass-bottomed 35 mm confocal culture dishes (P35G-1.5-
10-C, MatTek Corp., Ashland, MA, USA) were used as the substrate for fabrication. Each confocal dish was
sterilized under UV light for 15 min before use. Aliquots of BSA solution (50 pl) (Bovine Serum Albumin,
Sigma-Aldrich Corp., St Louis, MO, USA) and the photosensitizer, rose Bengal (RB; Sigma-Aldrich) were mixed
at pre-determined ratios and then loaded into the center of the confocal culture dish. The dish was mounted onto
the stage of the inverted Zeiss 710 microscope, after which the autofocus function in the Z-710 reflection mode
was used in conjunction with an Argon laser at 488 nm excitation to find the liquid-solid interface between the
protein solution and the glass bottom of the culture dish. The interface was marked as the zero position in the
z-direction.

Preparation of the reagents and fabrication of BSA micropillars and matrices.  Stock solutions of
RB (at 2% w/v in 1xPBS) and BSA (at 367 mg/ml in 1xPBS) were freshly prepared prior to each experiment. Both
solutions were mixed at a ratio of 1:9 and final concentration prepared for fabrication is RB (0.2% w/v) and BSA
(330 mg/ml). Protein micropillars that were cylindrical in shape were fabricated by using the region of interest
(ROI) function of the microscope software. Micropillar diameter was kept constant at 2 um except the contact
area study in which the micropillar diameter was changed to 4 um and 6 um. Edge-to edge spacing between two
adjacent micropillars was always 4 um. The scanning start position was set at 1 um below the interface to make
sure that microstructures were firmly attached to the bottom of the dish, whereas the scanning end position
was set above the interface. The fabrication parameters were set as follows: scanning speed = 1.27 ps/pixel, num-
ber =1, cycle=1, z-stack interval = 0.5 um.

Measurement of bending stiffness of micropillars. The bending stiffness of the protein micropillars
can be controlled by varying their height and diameter. The bending stiffness of the single micropillar was calcu-
lated using eqn. (2) in the main text. Elastic modulus E was measured using a rate jump method** while the fab-
rication parameter scanning power was used to modulate the elastic modulus due to its strong linear relationship
with elastic modulus. Therefore the stiffness can be modulated by changing the elastic modulus, the height or the
diameter of micropillars. Setting diameter at 2 um, micropillars with an elastic modulus of 15 kPa, 30 kPa and 45
kPa at a height of 7 um, 8 um and 10 um respectively, have the same stiffness of 0.137 nN/um. When all the heights
were doubled, that was 14 um, 16 um and 20 um, the stiffness was changed to 0.017 nN/pm.

Cell culture and reagents. Human dermal fibroblasts(hDFs) from neotissues were obtained from com-
mercial source (CC-2509 NHDF-Neo, Lonza, Basel, Switzerland) and cultured in growth medium containing
low-glucose Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Grand Island, NY), 10% fetal bovine
serum (FBS, Invitrogen), and 100 pg/ml penicillin and 100 pg/ml streptomycin (pen/strep) (Invitrogen). Cells
were seeded on BSA micropillars with a density of 1E5/ml, and cultured for 1 or 3 days prior to the immunofluo-
rescence staining. No extracellular matrix proteins were coated on the BSA micropillars.

Immunofluorescence staining. Focal adhesion markers including F-actin, integrin aw, integrin 31 and
paxillin were visualized by either fluorescence staining (F-actin) or immunofluorescence staining (other pro-
teins). In the immunofluorescence staining process, samples were fixed with 4% paraformaldehyde for 10 min
at room temperature and then washed with 1xPBS for 3 x 5min. Cells were then permeabilized with0.5% Tween
20 for 10 min, after which the samples were washed again with 1xPBS for 3 x 5min. Samples were blocked in
5% BSA in PBS for 30 min and then respectively incubated with a primary monoclonal anti-f3-actin antibody
(1:100, A2228, Sigma-Aldrich), anti-integrin av antibody (1:200, ab16821, Abcam), anti-integrin 31 antibody
(1:200, ab30394, Abcam), anti-paxillin antibody (1:200, ab32084, Abcam) and anti-pFAK(Y397) antibody (1:200,
ab39967, Abcam) at 4 °C overnight. They were then washed three times with 1xPBS, after which they were incu-
bated with secondary antibody (1:400, Invitrogen) for one hour. Samples were then washed three times with
1xPBS and mounted in Fluro-gel I (EMS) containing DAPI. Z-stack images were taken at 0.5 um intervals using
the Zeiss LSM710 confocal system with a 63x/1.4N.A. objective lens (Plan-Apochromat) and analyzed with the
3D image reconstruction software Imaris (Bitplane, Zurich, Switzerland).

Image analysis. Software Image ] was used for the measurement of cluster size. An image (Fig. 7A) which
contains single cell was chosen and loaded into Image J. After loading, it was transformed to an 8-bit image
(Fig. 7B) for thresholding (Fig. 7C). The threshold set automatically by Image ] was applied to the image and some
artifacts with extremely high intensity were filtered out. The function of ‘analyze particles’ was then used to quan-
tify and summarize the statistics on the size of clusters with circularity between 0.1 and 0.9 (Fig. 7D). Clusters
with circularity below 0.1 and above 0.9 were treated as noises. For all analyses, at least ten cells were randomly
chosen and analyzed.

Statistical analysis. Quantitative information regarding the cluster size of integrin alpha v, integrin beta 1,
PpFAK (Y397) and paxillin as well as the cell spreading area are presented as mean &= SEM. The normality assump-
tion was verified with the Kolmogorov-Smirnov test and the equal variance assumption was verified by Levene’s

SCIENTIFICREPORTS | 7: 12402 | DOI:10.1038/541598-017-12604-z 9



www.nature.com/scientificreports/

split channel

8 bitimage

threshold @ automatically

filter out noise and &
artifical defects by
circularity

analyze particles

Figure 7. The process of cluster size quantification. An taken image (A) was loaded to Image J and transformed
to an 8-bit image (B). The threshold set automatically was applied (C) and then the function of ‘analyze
particles’ was used to quantify and summarize the statistics on the size of clusters with circularity between 0.1
and 0.9 (Fig. 7D).

test to justify the use of parametric tests. Linear curve fitting was conducted to determine the association between
the stiffness and the focal adhesion markers including integrin alpha v, pFAK(Y397) and paxillin. The coefficient
of determination (R?) was reported in all association studies. One-way ANOVA (with the appropriate post-hoc
tests) was used to reveal the differences in integrin alpha v, pFAK(Y397) and paxillin cluster size when culturing
cells on protein micropillar arrays of same stiffness but different elastic modulus. For data with equal variance
assumed, Bonferroni’s test was used. For data without equal variances, Dunnett’s T3 test was used. SPSS 23.0
(Armonk, NY) and OriginPro 9 (OriginLab, Northampton, MA) were used to execute all analyses and the statis-
tical significance was set at «=0.05.

Data availability statement. All data generated or analyzed during this study are included in this pub-
lished article.

References
1. Guo, W. H,, Frey, M. T., Burnham, N. A. & Wang, Y. L. Substrate rigidity regulates the formation and maintenance of tissues.
Biophysical journal 90, 2213-2220, https://doi.org/10.1529/biophysj.105.070144 (2006).
2. Pelham, R. J. Jr. & Wang, Y. Cell locomotion and focal adhesions are regulated by substrate flexibility. Proceedings of the National
Academy of Sciences of the United States of America 94, 13661-13665 (1997).
3. Hadjipanayi, E., Mudera, V. & Brown, R. A. Close dependence of fibroblast proliferation on collagen scaffold matrix stiffness. J Tissue
Eng Regen Med 3, 77-84, https://doi.org/10.1002/term.136 (2009).
4. Dellatore, S. M., Garcia, A. S. & Miller, W. M. Mimicking stem cell niches to increase stem cell expansion. Curr Opin Biotechnol 19,
534-540, https://doi.org/10.1016/j.copbio.2008.07.010 (2008).
5. Ghosh, K. & Ingber, D. E. Micromechanical control of cell and tissue development: implications for tissue engineering. Advanced
drug delivery reviews 59, 1306-1318, https://doi.org/10.1016/j.addr.2007.08.014 (2007).
6. Engler, A. ], Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem cell lineage specification. Cell 126, 677-689,
https://doi.org/10.1016/j.cell.2006.06.044 (2006).
7. Gumbiner, B. M. Cell adhesion: the molecular basis of tissue architecture and morphogenesis. Cell 84, 345-357 (1996).
8. Hynes, R. Cell-matrix adhesion in vascular development. Journal of Thrombosis and Haemostasis 5, 32-40 (2007).
9. Chen, C. S, Alonso, J. L., Ostuni, E., Whitesides, G. M. & Ingber, D. E. Cell shape provides global control of focal adhesion assembly.
Biochem Biophys Res Commun 307, 355-361, https://doi.org/10.1016/s0006-291x(03)01165-3 (2003).
10. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673-687 (2002).
11. von Wichert, G. et al. RPTP-av acts as a transducer of mechanical force on awv/33-integrin-cytoskeleton linkages. The Journal of cell
biology 161, 143-153 (2003).
12. Su, J., Muranjan, M. & Sap, J. Receptor protein tyrosine phosphatase alpha activates Src-family kinases and controls integrin-
mediated responses in fibroblasts. Current Biology 9, 505-511, https://doi.org/10.1016/S0960-9822(99)80234-6 (1999).

SCIENTIFICREPORTS | 7: 12402 | DOI:10.1038/s41598-017-12604-z 10


http://dx.doi.org/10.1529/biophysj.105.070144
http://dx.doi.org/10.1002/term.136
http://dx.doi.org/10.1016/j.copbio.2008.07.010
http://dx.doi.org/10.1016/j.addr.2007.08.014
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1016/s0006-291x(03)01165-3
http://dx.doi.org/10.1016/S0960-9822(99)80234-6

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Schaller, M. D. Paxillin: a focal adhesion-associated adaptor protein. Oncogene 20, 6459-6472, https://doi.org/10.1038/
sj.onc.1204786 (2001).

Pasapera, A. M., Schneider, I. C., Rericha, E., Schlaepfer, D. D. & Waterman, C. M. Myosin II activity regulates vinculin recruitment
to focal adhesions through FAK-mediated paxillin phosphorylation. J Cell Biol 188, 877-890, https://doi.org/10.1083/jcb.200906012
(2010).

Patel, H. et al. The multi-FERM-domain-containing protein FrmA is required for turnover of paxillin-adhesion sites during cell
migration of Dictyostelium. J Cell Sci 121, 1159-1164, https://doi.org/10.1242/jcs.021725 (2008).

Burridge, K., Fath, K., Kelly, T., Nuckolls, G. & Turner, C. Focal Adhesions - Transmembrane Junctions between the Extracellular-
Matrix and the Cytoskeleton. Annual Review of Cell Biology 4, 487-525, https://doi.org/10.1146/annurev.cb.04.110188.002415
(1988).

Burridge, K., Turner, C. E. & Romer, L. H. Tyrosine phosphorylation of paxillin and pp125FAK accompanies cell adhesion to
extracellular matrix: a role in cytoskeletal assembly. J Cell Biol 119, 893-903 (1992).

Prager-Khoutorsky, M. et al. Fibroblast polarization is a matrix-rigidity-dependent process controlled by focal adhesion
mechanosensing. Nat Cell Biol 13, 1457-1465, https://doi.org/10.1038/ncb2370 (2011).

Fu, J. et al. Mechanical regulation of cell function with geometrically modulated elastomeric substrates. Nature methods 7, 733-736,
https://doi.org/10.1038/nmeth.1487 (2010).

Rowlands, A. S., George, P. A. & Cooper-White, J. J. Directing osteogenic and myogenic differentiation of MSCs: interplay of
stiffness and adhesive ligand presentation. Am J Physiol Cell Physiol 295, C1037-1044, https://doi.org/10.1152/ajpcell.67.2008
(2008).

Lo, C. M., Wang, H. B., Dembo, M. & Wang, Y. L. Cell movement is guided by the rigidity of the substrate. Biophysical journal 79,
144-152 (2000).

Askeland, D. R. & Phulé, P. P. The science and engineering of materials. (2003).

Baumgart, F. Stiffness-an unknown world of mechanical science? Injury-International Journal for the Care of the Injured 31, 14-23
(2000).

Del Alamo, J. C. et al. Three-dimensional quantification of cellular traction forces and mechanosensing of thin substrata by Fourier
traction force microscopy. PloS one 8, 69850 (2013).

Lin, Y. C. et al. Mechanosensing of substrate thickness. Phys Rev E Stat Nonlin Soft Matter Phys 82, 041918, https://doi.org/10.1103/
PhysRevE.82.041918 (2010).

Aung, A. et al. 3D traction stresses activate protease-dependent invasion of cancer cells. Biophysical journal 107, 2528-2537, https://
doi.org/10.1016/j.bpj.2014.07.078 (2014).

Chan, B. P. et al. Femto-Second Laser-Based Free Writing of 3D Protein Microstructures and Micropatterns with Sub-Micrometer
Features: A Study on Voxels, Porosity, and Cytocompatibility. Advanced Functional Materials 24, 277-294, https://doi.org/10.1002/
adfm.201300709 (2014).

Tong, M. H. et al. Multiphoton photochemical crosslinking-based fabrication of protein micropatterns with controllable mechanical
properties for single cell traction force measurements. Sci Rep 6, 20063, https://doi.org/10.1038/srep20063 (2016).

Popov, V. Contact mechanics and friction: physical principles and applications. (Springer Science & Business Media, 2010).
Munevar, S., Wang, Y. & Dembo, M. Traction force microscopy of migrating normal and H-ras transformed 3T3 fibroblasts.
Biophysical journal 80, 1744-1757 (2001).

Qiu, Y. et al. Platelet mechanosensing of substrate stiffness during clot formation mediates adhesion, spreading, and activation.
Proceedings of the National Academy of Sciences of the United States of America 111, 14430-14435, https://doi.org/10.1073/
pnas.1322917111 (2014).

Schrader, J. et al. Matrix stiffness modulates proliferation, chemotherapeutic response, and dormancy in hepatocellular carcinoma
cells. Hepatology 53, 1192-1205, https://doi.org/10.1002/hep.24108 (2011).

Tan, J. L. et al. Cells lying on a bed of microneedles: an approach to isolate mechanical force. Proceedings of the National Academy of
Sciences of the United States of America 100, 1484-1489, https://doi.org/10.1073/pnas.0235407100 (2003).

Xia, J., Chen, X., Gao, F. & Peng, Z. H. Novel fabrication of PDMS elastic stamp and its application in nano-biochip. China Journal
of Modern Medicine (2010).

Guan, E et al. Fabrication of patterned polyaniline microstructure through microcontact printing and electrochemistry. Applied
Surface Science 230, 131-137, https://doi.org/10.1016/j.apsusc.2004.02.021 (2004).

Liu, J., Yang, X., Wang, X. & Zhao, Y. Fabrication of PbS Micropatterns Based on the Microcontact Printing Technology. Materials
Review 6,027 (2010).

Lee, J. N, Jiang, X., Ryan, D. & Whitesides, G. M. Compatibility of mammalian cells on surfaces of poly(dimethylsiloxane). Langmuir
20, 11684-11691, https://doi.org/10.1021/1a048562 (2004).

Palchesko, R. N., Zhang, L., Sun, Y. & Feinberg, A. W. Development of polydimethylsiloxane substrates with tunable elastic modulus
to study cell mechanobiology in muscle and nerve. PloS one 7, €51499, https://doi.org/10.1371/journal.pone.0051499 (2012).

Lu, D. et al. Asymmetric migration of human keratinocytes under mechanical stretch and cocultured fibroblasts in a wound repair
model. PloS one 8, 74563, https://doi.org/10.1371/journal.pone.0074563 (2013).

Gao, C. Y. et al. L-3,4-dihydroxyphenylalanine-collagen modified PDMS surface for controlled cell culture. Journal of Materials
Chemistry 22, 10763-10770, https://doi.org/10.1039/c2jm00104g (2012).

Keranov, L., Vladkova, T., Minchev, M., Kostadinova, A. & Altankov, G. Preparation, characterization, and cellular interactions
of collagen-immobilized PDMS surfaces. Journal of Applied Polymer Science 110, 321-330, https://doi.org/10.1002/app.28630
(2008).

Levental, K. R. et al. Matrix crosslinking forces tumor progression by enhancing integrin signaling. Cell 139, 891-906, https://doi.
org/10.1016/j.cell.2009.10.027 (2009).

Geiger, B., Spatz, J. P. & Bershadsky, A. D. Environmental sensing through focal adhesions. Nature Reviews Molecular Cell Biology
10, 21-33, https://doi.org/10.1038/nrm2593 (2009).

Ngan, A. H. W. & Tang, B. Response of power-law-viscoelastic and time-dependent materials to rate jumps. Journal of Materials
Research 24, 853-862, https://doi.org/10.1557/Jmr.2009.0111 (2009).

Acknowledgements
This work was supported by grants from NSFC/RGC Joint Research Scheme (N_HKU713/14 and 51461165302).

Author Contributions

M.H.T. collected the data, participated in the study design and wrote the manuscript, N.H. analyzed the data and
wrote the manuscript, A.H.-W.N. participated in the study design, analyzed the data and wrote the manuscript,
Y.N.D. participated in data analysis and edited the manuscript, B.P.C. conceived the study, participated in the
study design, edited and approved the manuscript and provided funding.

SCIENTIFICREPORTS | 7: 12402 | DOI:10.1038/541598-017-12604-z 11


http://dx.doi.org/10.1038/sj.onc.1204786
http://dx.doi.org/10.1038/sj.onc.1204786
http://dx.doi.org/10.1083/jcb.200906012
http://dx.doi.org/10.1242/jcs.021725
http://dx.doi.org/10.1146/annurev.cb.04.110188.002415
http://dx.doi.org/10.1038/ncb2370
http://dx.doi.org/10.1038/nmeth.1487
http://dx.doi.org/10.1152/ajpcell.67.2008
http://dx.doi.org/10.1103/PhysRevE.82.041918
http://dx.doi.org/10.1103/PhysRevE.82.041918
http://dx.doi.org/10.1016/j.bpj.2014.07.078
http://dx.doi.org/10.1016/j.bpj.2014.07.078
http://dx.doi.org/10.1002/adfm.201300709
http://dx.doi.org/10.1002/adfm.201300709
http://dx.doi.org/10.1038/srep20063
http://dx.doi.org/10.1073/pnas.1322917111
http://dx.doi.org/10.1073/pnas.1322917111
http://dx.doi.org/10.1002/hep.24108
http://dx.doi.org/10.1073/pnas.0235407100
http://dx.doi.org/10.1016/j.apsusc.2004.02.021
http://dx.doi.org/10.1021/la048562
http://dx.doi.org/10.1371/journal.pone.0051499
http://dx.doi.org/10.1371/journal.pone.0074563
http://dx.doi.org/10.1039/c2jm00104g
http://dx.doi.org/10.1002/app.28630
http://dx.doi.org/10.1016/j.cell.2009.10.027
http://dx.doi.org/10.1016/j.cell.2009.10.027
http://dx.doi.org/10.1038/nrm2593
http://dx.doi.org/10.1557/Jmr.2009.0111

www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 12402 | DOI:10.1038/541598-017-12604-z 12


http://creativecommons.org/licenses/by/4.0/

	Preferential sensing and response to microenvironment stiffness of human dermal fibroblast cultured on protein micropattern ...
	Mechanics Foundations

	Experimental Results

	Increasing micropillar stiffness increased cell spreading and enhanced focal adhesion maturation. 
	Increasing intrinsic elastic modulus of micropillars did not change focal adhesion maturation. 

	Discussion

	Advantages of the multiphoton protein micropattern system in mechanical niche studies. 
	Human fibroblasts prefer to sense stiffness but not the intrinsic property elastic modulus. 

	Methods

	Two-photon photochemical crosslinking system. 
	Sample loading and autofocusing. 
	Preparation of the reagents and fabrication of BSA micropillars and matrices. 
	Measurement of bending stiffness of micropillars. 
	Cell culture and reagents. 
	Immunofluorescence staining. 
	Image analysis. 
	Statistical analysis. 
	Data availability statement. 

	Acknowledgements

	Figure 1 F-actin staining of human dermal fibroblast on micropillars with heights 4 µm (A), 8 µm (B) and 18 µm (C).
	Figure 2 Staining of integrin αv, pFAK(Y397) and paxillin on micropillars with heights 4 µm and stiffness 1.
	Figure 3 Staining of integrin αv, pFAK(Y397) and paxillin on micropillars with elastic modulus 15 kPa (A1 B1 C1), 30 kPa (A2 B2 C2) and 45 kPa (A3 B3 C3).
	Figure 4 Staining of integrin αv, pFAK(Y397) and paxillin on micropillars with heights 7 µm and elastic modulus 15 kPa (A1 B1 C1), 8 µm and 30 kPa (A2 B2 C2) and 10 µm and 45 kPa (A3 B3 C3).
	Figure 5 Immunofluorescence staining of integrin αv, pFAK(Y397) and paxillin on micropillars with heights 14 µm and elastic modulus 15 kPa (A1 B1 C1), 16 µm and 30 kPa (A2 B2 C2) and 20 µm and 45 kPa (A3 B3 C3).
	Figure 6 Staining of integrin αv, pFAK(Y397) and paxillin on micropillars with heights 7 µm and elastic modulus 15 kPa (A1 B1 C1 D1 E1 F1), 8 µm and 30 kPa (A2 B2 C2 D2 E2 F2) and 10 µm and 45 kPa (A3 B3 C3 D3 E3 F3).
	Figure 7 The process of cluster size quantification.




