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planar cell culture substrates. [ 27 ]  Intricate and coupled mechan-
ical and biochemical structure of the in vivo 3D microenvi-
ronment of cells in tissues is too complicated for controlled 
analysis of these effects. Thus, there is still a need for engi-
neered platforms which provide a 3D microenvironment, with 
precise control over topography and stiffness. 

 Microengineered substrates allow simpliÞ cation and decou-
pling of the complex in vivo 3D environment by mimicking key 
physical characteristics, such as stiffness and directionality. [ 23,24 ]  
Micropillar arrays have been utilized as 2D semicontinuous 
substrates for studying the relationship between focal adhesion 
size and traction forces, [ 29 ]  cell differentiation in response to 
substrate rigidity, [ 7 ]  and induced shear forces at cellÐcell jo8provide 3D microenvironments with controlled substrate topog-

raphy, and mechanical, chemical, and biological features. 
 Here, we have designed and fabricated, anisotropically stiff 

micropillar array substrates to conÞ ne, align, and elongate 
single human mesenchymal stem cells (hMSCs) and cardio-
myocytes in a 3D microenvironment. We present for the Þ rst 
time, to the best of our knowledge, control of cell elongation 
and alignment in a 3D microenvironment by systematically 
modulating the stiffness anisotropy (SA) of the microfabricated 
substrate. We discovered that anisotropically stiff micropillar 
substrates provide cellular conÞ nement in 3D, aligning cells 
in the stiffer direction with extraordinary elongation of both 
hMSCs (�600 µm) and cardiomyocytes (�500 µm). 

 The microengineered pillar platform was composed of micro-
scale square-shaped poststructures with 15 µm height, and var-
ying dimension resulting in different directional stiffness levels. 
A uniqueness of the approach presented here is rendering the 
top surfaces of micropillars nonadhesive via contact printing 
with a surfactant, unlike earlier reports that employed micro-
pillar structures with functionalization of the top surfaces. 

[ 29,32,33 ]  
In this study, sidewalls of the micropillars were uniquely func-
tionalized to allow adhesion of cells in the interpillar space only 
( Figure    1   and Figure S1, Supporting Information). The square 
geometry of the isotropically stiff pillars provided identical 
bending stiffness about the two orthogonal axes. We observed 
that micropillar substrate with isotropic stiffness induced cells 
to align and elongate randomly in horizontal or vertical direc-
tions (Figure  1 a and Figure S2, Supporting Information). Stiff-
ness anisotropy was introduced by varying the square pillar 
geometry to rectangular form, creating a stiff and a compliant 
pillar bending axes. Stiffness anisotropy of the substrate trans-
formed the random alignment (either in horizontal or vertical) 
of cells in square micropillar array substrate (Figure  1 a) to 
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unidirectional alignment and elongation in the stiffer direc-
tion (Figure  1 b). Cell nuclei also aligned in the same direction 
(Figure  1 a,b). Furthermore, cells were observed to be entrapped 
in the interpillar space and they displayed adhesion to the side-
walls of the pillars as expected (Figure  1 c and Figure S3a, Sup-
porting Information). Scanning electron microscopy (SEM) 
imaging revealed and conÞ rmed bending of micropillars in the 
compliant direction by the cells due to cell attachment forces 
(Figure  1 c and Figure S3b, Supporting Information). 

  Micropillar arrays were fabricated using standard clean room 
microfabrication techniques, which include photolithography, 
soft lithography, and microcontact printing ( Figure    2  ). [ 29,32Ð34 ]  
Brieß y, a positive template composed of pillar structures was 
obtained by transferring micropatterns from a photomask to 
a photoresist material coated on a silicon wafer via ultra-violet 
light (Figure  2 a). A negative template consisting of pits and the 
Þ nal micropillar arrays were realized via poly(dimethylsiloxane) 



©  2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1886



©  2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1887

C
O

M
M

U
N

IC
A

T
IO

N

spaces both for hMSCs (Figure  4 aÐd) and cardiomyocytes 
(Figure  4 eÐh) in both isotropically (Figure  4 a,c,e,g) and ani-
sotropically (Figure  4 b,d,f,h) stiff micropillar arrays. Cells in 
micropillar arrays assumed a needle-like morphology after 
elongation. Both hMSCs (Figure  4 b,d) and cardiomyocytes 
(Figure  4 f,h) displayed predominantly unidirectional alignment 
and elongation in the stiffer (horizontal) direction of the aniso-
tropically stiff micropillar substrates. However, cell alignment 
varied randomly in horizontal and vertical directions for iso-
tropically stiff micropillar substrates (Figure  4 a,c,e,g). 

  We calculated unidirectional cell alignment as the number 
of cells aligned in the stiffer ( x -) direction divided by the 
number of cells in the softer ( y -) direction. We observed higher 
degree of unidirectional cell alignment with increasing SA of 
the micropillar arrays both for hMSCs (Figure  4 i) and cardio-
myocytes (Figure  4 j). Micropillar arrays with SA of 2.5 and 3.7

(anisotropic) showed signiÞ cantly greater cell alignment ratios 
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cell attachment process within the pillar side walls. This purely 
guided entrapment process took place equally well both for 
isotropic and anisotropic pillar arrays. On the other hand, our 
results showed that alignment of cells in 3D microenvironment 
is a function of stiffness anisotropy. Others have investigated 
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areas for stiff and compliant directions such that the stiffer 
direction presents more surface area for cell adhesion which in 
turn may arguably act as a cue for cells to elongate along the 
stiffer direction. Therefore, differences in surface areas might 
confound the effect of stiffness anisotropy. The time lapse anal-
ysis of cell elongation (Figure  6 e) appears to rule out surface 
area to be a cause of cellular elongation because cells elongate 
along both directions within 5 h. Only by 15 h the stiffer axis 
dominates as the cell elongation and alignment direction. If 
such a confounding effect of surface area on cell elongation was 
indeed in play, it would have prevented elongation in compliant 
direction in the initial stages. 

 Differential functionalization of micropillar top surfaces as 
nonadhesive and sidewalls as adhesive allowed cell migration 
to the interpillar space and entrapment of the cell attachment 
processes. However, a shortcoming of this functionalization 
approach is the lack of speciÞ city that would allow function-
alization of only pillar sidewalls or a certain portion of the 
sidewalls. Despite this limitation, based on the SEM images 
(Figure  1 c and Figure S3, Supporting Information), cell adhe-
sion to base surface was limited. Cells either covered pillar 
sidewall extensively or adhered to the middle portion of the pil-
lars. Bending stiffness of the pillar structures depends on area 
moment of inertia, YoungÕs Modulus, and length of the pillars. 
We used total length of the pillars for calculating the nominal 
micropillar stiffness. Even though cells mostly adhere from the 
mid region of the micropillar sidewalls, relative ratio of bending 
stiffness among isotropic and anisotropic pillar arrays would 
not be affected, since applied length is same for all pillar arrays. 

 Actomyosin contractility is one of the main driving forces 
behind cell shape changes and elongation. [ 50,51 ]  It has been 
suggested that higher levels of actomyosin contraction of cells 
can be observed in conÞ ned 3D environments in comparison 
to 2D surfaces, since cell detachment is not possible. [ 52 ]  In 
this study, we developed a microfabricated platform with con-
trolled mechanical, chemical, and biological properties to study 
cell morphology, alignment, and elongation in a conÞ ned 3D 
microenvironment. Indeed, previously, an elongation around 
60 µm was shown for Þ broblasts cultured on top surfaces (2D) 
of micropillars with a SA of 4.0, [ 31 ]  which is Þ vefold to eightfold 
lower than the results reported here. 

 Migration is an essential component of physiological func-
tioning for cells and tissues, as well as for pathology of many 
diseases, such as metastatic cancer. However, cell migration 
behavior in 3D environments fundamentally differs than on 
2D substrates, [ 52Ð54 ]  which were commonly used for migration 
studies in the literature. In time lapse analyses, we observed 
migration of single MSCs, albeit limited, from 2D ß at surface to 
3D micropillar environment, or within the 3D micropillar envi-
ronment (Figure S6, Supporting Information). These results 
establish the proof-of-concept for migration in 3D micropillar 
arrays and indicate the potential of 3D micropillar substrates as 
a platform for cell migration studies or as a disease-on-a-chip 
model, such as for cancer metastasis. 

 Tissue engineering aims to cultivate and enrich cells in vitro 
and to transform them into functional tissue constructs via 
engineered substrates and bioinductive molecules. [ 55 ]  In vivo, 
different tissues present speciÞ c mechanical, electrical, and 
biochemical functional organizations. [ 38,55Ð58 ]  Cells in neural, 

vascular, and muscle tissues display uniaxially aligned and elon-
gated organization, which is critical for their function. [ 38,55,59 ]  
For example, highly aligned and elongated cardiomyocytes are 
needed in cardiac tissue engineering to achieve a functional 
tissue organization. [ 8,55 ]  Directing MSC fate using substrate 
topography and stiffness has been shown pervasively in the 
literature. [ 5,8,13,58,60 ]  Kishore et al. showed tenogenic differen-
tiation of MSCs cultured on electrochemically aligned collagen 
threads, on which cells displayed an elongated and aligned 
morphology. [ 13 ]  Similarly, myogenic and neurogenic differentia-
tion of elongated and aligned MSCs on substrates with micro/
nano grooves was reported. [ 8,61 ]  Furthermore, effect of cell mor-
phology, such as elongation, on modulation of epigenetic state 
and mesenchymal-to-epithelial transition of adult Þ broblasts 
was shown on microgroove substrates. [ 47 ]  

 Nucleus is the largest and stiffest cell organelle and it is 
exposed to mechanical forces transmitted through the cytoskel-
eton from the outside and also the forces generated within the 
cell. It has been shown that nuclear structural elements, as well 
as cytoskeleton, are dynamically reconstructed in response to 
force. [ 62Ð64 ]  Moreover, change in cell phenotype during differ-
entiation has been associated with nuclear morphology and 
stiffness, as well as tumor cell differentiation and metastasis 
potential. [ 64 ]  In embryonic stem cells, histone acetylation and 
methylation have been shown to alter chromatin plasticity and 
differentiation characteristics. [ 65 ]  Cell entrapment in 3D micro-
pillar arrays can be utilized for controlled deformation of cell 
nucleus to study nuclear mechanics and mechanotransduction 
pathways in stem cell differentiation. 

 The results presented in this paper establish the ground-
work of a new approach and platform that would allow the 
study of cell behavior in a precisely controlled 3D microenvi-
ronment. The described microfabricated pillar system can be 
utilized for the study of cellÐECM interactions and cell behavior 
in a mechanically controlled 3D environment for different cell 
types, including hMSCs and cardiomyocytes. The micropillar 
platform allows precise control over substrate stiffness and 



©  2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1891

C
O

M
M

U
N

IC
A

T
IO

N

Adv. Healthcare Mater. 2016, 5, 1884Ð1892

www.advhealthmat.de
www.MaterialsViews.com

Ellsworth Adhesives, Germantown, WI) prepolymer (10:1 weight ratio) 
was poured over the positive template, cured at 110 °C for 15 min, and 
peeled off, resulting in a negative PDMS template. The negative template 
was treated under UV ozone cleaner (Novascan PSDP-UV8T) for 10 min 
at 90 °C and silanized under vacuum. Afterwards, PDMS prepolymer 
(10:1 weight ratio) was molded into the negative template, degassed 
under vacuum, pressed against a coverslip, cured at 110 °C for 22 h, and 
peeled off from the negative template, producing micropillar arrays. This 
process yielded the micropillar arrays on a coverslip. 

  Mechanical Characterization of Micropillars : 3D models of fabricated 
micropillars were reconstructed from SEM images and area moment 
of inertia of every pillar structure was measured using SolidWorks 
(Dassault Syst•mes, VŽlizy-Villacoublay, France). Bending stiffness of 
micropillars was calculated using beam deß ection Equation  ( 1)  

 
( )= 3 I

3k E
L     

( 1)
  

 where  k  is the stiffness,  E  is the YoungÕs Modulus,  I  is the area moment 
of inertia, and  L  is the pillar length. YoungÕs modulus was determined 
from the slope of tensile stressÐstrain curve of PDMS strips obtained 
from the substrate used in the fabrication of micropillars. Stiffness 
anisotropy ( /k kx y) of micropillars was calculated as the ratio of stiffness 
in  x -direction ( xk ) to stiffness in  y -direction (ky). 

  Surface Chemistry : Top surfaces of micropillars were treated to be 
nonadhesive for cells using microcontact printing. Prepolymer of 
PDMS (30:1 weight ratio) was molded in a cell culture dish and cured 
for 2 h at 60 °C. Next, cured PDMS was cut into blocks and peeled 
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