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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 simplifi 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 cell–cell junc-
tions during neutrophil transmigration across endothelium. [ 30 ]  
Pillar arrays with directional stiffness have been employed as a 
2D substrate to study cell adhesion, traction forces, and migra-
tion. [ 6,31 ]  Microfabricated pillar substrates can be engineered to 
provide 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 confi ne, align, and elongate 
single human mesenchymal stem cells (hMSCs) and cardio-
myocytes in a 3D microenvironment. We present for the fi 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 confi 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 

  Cells sense their physical environment and convert biophysical 
cues into intracellular signals, which results in regulation of 
adhesion, morphology, and differentiation characteristics. [ 1,2 ]  
It has been shown that substrate properties, such as stiffness, 
control cell morphology, elongation, alignment (spatial orien-
tation), and anisotropy of cell, and nucleus shape, which par-
tially direct the cell fate. [ 3–9 ]  Thus, it is of utmost importance 
to achieve elongated and aligned cellular organization in vitro 
for functional and hierarchical study of cell behavior. Previ-
ously, methods exploiting substrate topography were utilized to 
achieve cellular alignment, using techniques, such as electro-
spinning, [ 10–12 ]  electrochemical compaction, [ 13,14 ]  and microfab-
ricated grooves and pillars. [ 15–19 ]  Even though these approaches 
have advanced our understanding of cell–substrate interactions, 
they are limited to 2D planar substrates. [ 10–18 ]  

 In native tissues, cells are confi ned by extracellular matrix 
(ECM) and other neighboring cells from all sides and they 
present different morphology, adhesion, migration, and 
cytoskeletal arrangement in comparison to cells cultured on 
2D surfaces. [ 20–26 ]  The effects of substrate topography and 
directional stiffness properties on cell morphology, adhe-
sion, and elongation have not been studied comprehensively 
in 3D environment. In the literature, Legant et al. [ 21 ]  studied 
traction forces of different cell types in synthetic 3D hydro-
gels. Other studies utilized microtubes formed by rolled-up 
nanomembranes for 3D confi nement of single cells. [ 20,27,28 ]  
Xi et al. studied cell mitosis in microtubes and found a correla-
tion between chromosome segregation errors and confi nement 
degree. [ 28 ]  Koch et al. utilized glass microtubes to investigate 
neural stem cell migration and reported lack of lamellipodia 
protrusions in microtubes, in contradiction to traditional 2D 
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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 confi 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  ). [ 29,32–34 ]  
Briefl 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 
fi nal micropillar arrays were realized via poly(dimethylsiloxane) 
(PDMS) casting (Figure  2 a). Pillar top surfaces were rendered 
nonadhesive for cells or proteins through stamping with a 
pluronics adsorbed PDMS block (Figure  2 b). Sidewalls of the 

micropillars were functionalized to be adhesive for cells by 
immersing micropillar arrays in fi bronectin (FN) solution 
(Figure  2 b). FN, a critical component of ECM, binds to inte-
grin receptors on cell membrane and is a key modulator of cell 
adhesion. [ 35,36 ]  Using photolithography and soft lithography, 
micropillar structures with isotropic and anisotropic geom-
etries, ranging from 7.6 × 7.7 to 3.9 × 7.8 µm (Figure  2 c,i,ii) and 
5.7 × 5.7 to 5.7 × 3.7 µm (Figure  2 c,iii,iv), were fabricated. 

  Mechanical properties of fabricated micropillar structures 
were characterized by reconstructing 3D pillar models from SEM 
images ( Figure    3  ). Area moment of inertia in  x - and  y -directions 
for each micropillar geometry was measured using 3D micro-
pillar models. Direction dependent stiffness of each micropillar 
geometry was calculated using the beam defl ection equation. [ 37 ]  
SA was defi ned as a ratio of stiffness in  x -direction to stiffness 
in  y -direction (Figure  3 ). Micropillar structures with square 
geometries displayed an SA of 1, whereas rectangular geom-
etries resulted in SA values of up to 3.7 (Figure  3 ). Moreover, we 
designed and fabricated micropillar arrays with similar SA, but 
with lower stiffness values by reducing the dimensions of pillars 
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 Figure 1.    Unidirectional cell elongation and anisotropy using anisotropically stiff micropillar arrays. a,b) Cells (F-actin, green) and their nuclei 
(4′,6-diamidinp-2-phenylindole (DAPI), blue) display elongation in both a) isotropic and b) anisotropic 3D micropillar environment. Top surfaces 
of micropillars are rendered nonadhesive via surface chemistry. Cells are entrapped in interpillar space, adhered to micropillar sidewalls, and elon-
gated. Because of the micropillar confi nement, cells are confi ned to elongate either in horizontal or vertical directions. In isotropic micropillar arrays 
cells elongated in both directions, whereas anisotropic pillar arrays guided cells to elongate in the stiffer direction. c) Scanning electron microscope 
(SEM) image (pseudo-colored, cells: red, pillars: brown, substrate bottom surface: gray) of a single elongated human mesenchymal stem cell (hMSC) 
entrapped within an anisotropic interpillar space. (i–iii) Close-up images of the elongated cell in the interpillar space revealed pillar defl ection caused 
by cellular attachment.
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while keeping the aspect ratios the same. These results showed 
that bending stiffness and SA of micropillar arrays can be tuned 
differentially via modifi cation of pillar geometry and dimensions. 

  Next, we analyzed alignment of hMSCs and cardiomyo-
cytes in isotropically and anisotropically stiff micropillar 
arrays ( Figure    4  ). We observed cell entrapment in interpillar 
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 Figure 2.    Fabrication, surface modifi cation, and SEM imaging of micropillars. a) Micropillar fabrication: (i) Positive template fabrication using a 
photoresist material (SU-8) on a silicon (Si) wafer through photolithography, (ii) development of photoresist, (iii) fi rst PDMS casting for negative tem-
plate, (iv) fi rst PDMS curing, (v) second PDMS casting, (vi) second PDMS curing, and (vii) micropillar arrays. b) Surface modifi cation: (i) Incubation 
of a nonadhesive coating (Pluronics F127) on a PDMS stamp, (ii) pluronics adsorption on stamp, (iii,iv) microcontact printing for pluronics transfer 
to micropillar top surfaces, and (v) immersion of micropillar arrays in fi bronectin for (vi) functionalization of micropillar sidewalls. c) Fabricated
(i,iii) isotropic and (ii,iv) anisotropic micropillar arrays were imaged using SEM after fabrication and their dimensions were quantifi ed.

 Figure 3.    Mechanical properties of micropillars determined via 3D reconstruction of micropillar models from SEM images in a computer-aided design 
(CAD) software .  The model was utilized for calculation of the area moment of inertia ( I ) in  x - and  y -directions for each micropillar design. Pillar stiff-
ness ( k ) in both  x - and  y -directions for each design were calculated using stiffness formula for pure bending. SA was calculated by taking the ratio of 
pillar stiffness in  x -direction ( k x  ) to  y -direction ( k y  ).
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spaces both for hMSCs (Figure  4 a–d) and cardiomyocytes 
(Figure  4 e–h) 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 signifi cantly greater cell alignment ratios 
compared to micropillar arrays with SA of 1.0 (isotropic) 
( p  < 0.05, one-way analysis of variance (ANOVA) with Fisher’s 
post hoc test). We found a statistically signifi cant association 
between cell alignment ratio and SA both for hMSCs and cardi-
omyocytes ( p  < 0.05, ANOVA general linear model, Figure  4 i,j). 
However, there was not any signifi cant association between cell 
alignment ratio and stiffness neither for hMSCs nor for cardio-
myocytes ( p  > 0.05, ANOVA general linear model test). These 
results show the control of cell alignment and elongation using 
3D micropillar arrays via modulation of stiffness anisotropy. 

 Shape anisotropy is defi ned as the ratio of the length to the 
width for cells and their nucleus. The width of cells and their 
nucleus were equal to interpillar spacing, due to lateral con-
fi nement, and length of cells were measured from fl uorescent 
microscope images (Figure S4, Supporting Information). We 
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 Figure 4.    Functionalized anisotropic micropillar arrays control cell morphology and alignment. First, cells are guided to interpillar spaces by the 
applied nonadhesive surface chemistry to pillar top surfaces and functionalization of pillar sidewalls with fi bronectin. Afterwards, anisotropically stiff 
micropillars guide cells to align in the stiffer direction. a–h) Cell alignment in a,c,e,g) isotropic and b,d,f,h) anisotropic micropillar arrays was observed 
for a–d) hMSCs and e–h) cardiomyocytes, indicated by cytoskeletal F-actin and nuclear staining. Cells cultured in micropillar arrays displayed a needle-
like morphology. Isotropic micropillar arrays showed random cell alignment in both horizontal and vertical directions, whereas cells in anisotropic 
micropillar arrays unidirectionally aligned in the stiffer (horizontal) direction. i,j) Higher cell alignment ratios (CN  x  /CN  y  ; number of cells aligned in 
 x -direction, CN  x  , divided by number of cells in  y -direction, CN  y  ) were observed with increasing stiffness anisotropy of the micropillar arrays for both 
i) hMSCs and j) cardiomyocytes. General linear model statistical analysis showed a signifi cant association between cell alignment ratio and stiffness 
anisotropy both for hMSCs and cardiomyocytes ( p  < 0.001 and  p  < 0.001, respectively), whereas there was not any signifi cant association between cell 
alignment ratio and stiffness for hMSCs and cardiomyocytes ( p  = 0.160 and  p  = 0.108, respectively). The horizontal lines between individual groups 
represent statistically signifi cant difference based on one-way ANOVA test with Fisher’s post hoc test for multiple comparisons ( p  < 0.05). Error bars 
represent the standard deviations of the means.
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analyzed changes in cellular and nuclear shape anisotropy with 
changing stiffness and SA. Cells cultured on fl at 2D PDMS 
substrates, that were prepared using the same protocol for 3D 
PDMS micropillar substrates, were also included as a control 
(SA of 1.0) ( Figure    5  ). hMSCs showed signifi cantly higher cell 
shape anisotropy compared to cardiomyocytes in micropillar 

arrays ( p  < 0.05, one way ANOVA with Fisher’s post hoc test, 
Figure  5 a). On average, cells in micropillar arrays showed over 
100-fold greater shape anisotropy compared to cells on 2D 
PDMS substrates (Figure  5 a). Cardiomyocytes displayed sig-
nifi cantly higher nucleus shape anisotropy compared to that of 
hMSCs in micropillar arrays ( p  < 0.05, one way ANOVA with 
Fisher’s post hoc test, Figure  5 b). However, there was not any 
signifi cant difference in nucleus shape anisotropy between 
hMSCs and cardiomyocytes on 2D PDMS substrates ( p  > 0.05, 
one way ANOVA with Fisher’s post hoc test, Figure  5 b). Overall, 
cells in micropillar arrays displayed up to 15 times greater 
nucleus shape anisotropy compared to cells on 2D PDMS 
substrates (Figure  5 b). These results show that anisotropically 
stiff micropillar arrays provide a new and innovative platform 
to induce cell and nucleus shape anisotropy for hMSCs and 
cardiomyocytes. 

  Next, we analyzed entrapment, elongation, and alignment 
process of cells seeded on anisotropically stiff micropillar arrays 
(SA of 2.3) over time, from 0.6 to 15 h ( Figure    6   and Figure S5 
and Video S1, Supporting Information). Seeded hMSCs set-
tled down on micropillar arrays and started migrating into the 
interpillar space (Figure  6 a). Cells displayed elongation both in 
stiffer and softer direction within 3–5 h and were fully elon-
gated and aligned in the stiffer direction within 15 h after cell 
seeding (Figure  6 b–d). Quantifi cation of cell length in stiffer 
and softer directions over time showed a continuous cell elon-
gation in stiffer direction (Figure  6 e). However, cell length in 
softer direction increased within 0.6–5 h but decreased from 
5 to 15 h after cell seeding (Figure  6 e). These results show the 
feasibility of anisotropically stiff micropillar arrays for dynamic 
study of cell behavior, such as stiffness sensing and guiding, in 
a 3D microenvironment. 

  Alignment of cellular microenvironment is critical in healthy 
functioning of numerous tissues and disease progression. Mul-
tiple cell types in human body require a functional aligned 
microenvironment, including endothelial cells lining the inner 
wall of blood vessels and cardiomyocytes producing necessary 
force through synchronized contraction. [ 38 ]  In native cardiac 
tissues, cardiomyocytes are highly aligned and elongated, with 
an average length of about 100–160 µm. [ 39–41 ]  This elongated 
and aligned organization enables them to provide the synchro-
nized contraction and beating function of the heart. On the 
other hand, intravasation and extravasation of metastatic cancer 
cells or leukocytes through blood vessels take place in a highly 
aligned microenvironment formed by endothelial cells, smooth 
muscle cells, pericytes, and, to some extent, macrophages. [ 38,42 ]  
Furthermore, increased alignment of surrounding collagen 
perpendicular to tumors, especially in breast carcinoma, has 
been shown to be a critical feature for cell migration out of the 
tumor. [ 43,44 ]  Even though presented micropillar system would 
not be able to capture every aspect of these in vivo phenomena, 
it holds great potential as an in vitro model by allowing precise 
control of the microenvironment for mechanistic studies of cell 
response to change in a particular property. 

 The presented micropillar system provides a modality to not 
only elongate cells up to 500 µm (Figure S4, Supporting Infor-
mation) but also align them unidirectionally. In our study, the 
extraordinary cell elongation in the micropillar arrays occurs 
due to cell migration to the interpillar space and confi nement of 
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 Figure 5.    Micropillar arrays induce cell and nucleus shape anisotropy 
for hMSCs and cardiomyocytes. a) In every group cell shape anisotropy 
of hMSCs was signifi cantly higher than cardiomyocytes in micropillar 
arrays. On average, cells in micropillar arrays displayed over 100 times 
more cell shape anisotropy compared to cells in the control group 
(fl at 2D PDMS, SA of 1.0). b) Cardiomyocytes displayed signifi cantly 
higher nucleus shape anisotropy in micropillar arrays, whereas there was 
no signifi cant difference between hMSCs and cardiomyocytes in the con-
trol group. Nucleus shape anisotropy of hMSCs reached to a maximum 
(indicated with*) in the micropillar array with highest stiffness anisotropy 
(3.7). Nucleus shape anisotropy of the cells cultured in micropillar arrays 
was up to 15 times more than cells cultured in the control group. The 
horizontal lines between individual groups represent statistically signifi -
cant difference based on one-way ANOVA test with Fisher’s post hoc test 
for multiple comparisons ( p  < 0.05). * denotes statistically signifi cant dif-
ference between indicated group with other groups for the same cell type. 
Error bars represent the standard deviations of the means.
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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 
the effects of substrate topography and stiffness on elongation 
of different cell types. Microgrooves have been utilized in the 
literature for unidirectional alignment and elongation of cells, 
where groove structures with a low depth (<3 µm) acting as 
a 2D substrate, providing contact guidance to cells. [ 19,45–49 ]  
Other than microgrooves, Ghibaudo and co-workers used 

anisotropically stiff micropillars as a 2D semicontinuous sub-
strate to align and elongate fi broblasts. [ 31 ]  In most of these 
studies performed on 2D microfabricated substrates, cell elon-
gation in the range of 50–200 µm was reported. [ 19,31,45,49 ]  In 
comparison, our results demonstrated that cells were confi ned 
in the 3D micropillar environment and displayed more than 
twofold greater elongation. 

 A point of discussion associated with the presented micro-
pillar approach, as well as most anisotropically stiff micro-
structures, is that mechanical stiffness is inherently coupled to 
structural geometry, which causes a discrepancy in the surface 
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 Figure 6.    Time lapse analysis of cell entrapment and elongation in interpillar space. a) Seeded hMSCs settled down on anisotropically stiff micropillar 
arrays (SA = 2.3) and started migrating into the interpillar space. b,c) Cell elongation in interpillar space began within 3–5 h after cell seeding. d) Cells 
were fully elongated and aligned in the stiffer direction (vertical) within 15 h after cell seeding. White arrow points to a typically elongated cell. Scale bars 
indicate 50 µm of length. e) Cell length in softer direction increased within 0.6–5 h but decreased from 5 to 15 h after seeding. On the other hand, cell 
length in stiffer direction displayed a continuous increase within 15 h after seeding. Schematic of a typical cell morphology over time is displayed in the 
plot. Inset shows stiffer and softer directions in the micropillar array. Error bars represent standard deviations of the means ( n  = 7 cells at each time point).
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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 specifi 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, Young’s 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 confi 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 confi ned 3D 
microenvironment. Indeed, previously, an elongation around 
60 µm was shown for fi broblasts cultured on top surfaces (2D) 
of micropillars with a SA of 4.0, [ 31 ]  which is fi 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, [ 52–54 ]  which were commonly used for migration 
studies in the literature. In time lapse analyses, we observed 
migration of single MSCs, albeit limited, from 2D fl 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 specifi c mechanical, electrical, and 
biochemical functional organizations. [ 38,55–58 ]  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 fi 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. [ 62–64 ]  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 cell–ECM 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 
stiffness anisotropy, which induces different degree of cell 
alignment and elongation. We will utilize these unique capabili-
ties of the micropillar platform to study the effect of extraordi-
nary elongation and alignment on cell behavior, such as differ-
entiation and reprogramming, in future studies. The presented 
microengineered approach induces cells to elongate and align 
along the stiffer axes of micropillars while confi ning cells in a 
3D environment. Cultivation of highly elongated and aligned 
cardiomyocyte constructs can potentially lead to a highly organ-
ized and functional cardiac tissue. Furthermore, highly organ-
ized cell arrays can be utilized in other tissues with elongated 
cell phenotypes, such as nerves, tendons, and ligaments.  

  Experimental Section 
  Micropillar Fabrication  :  Micropillar arrays were fabricated based on 

photolithography and soft lithography. A positive template on a silicon 
wafer, consisting an array of pillars, was fabricated using photolithography 
and wet chemical development. Positive template was silanized with 
(tridecaf luoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (United Chemical 
Technologies, Bristol, PA) vapor under vacuum to facilitate separation 
of molded polymer from the template. Next, the PDMS (Sylgard 184, 
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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 Systèmes, Vélizy-Villacoublay, France). Bending stiffness of 
micropillars was calculated using beam defl ection Equation  ( 1)  

 
( )= 3 I

3k E
L     

( 1)
  

 where  k  is the stiffness,  E  is the Young’s Modulus,  I  is the area moment 
of inertia, and  L  is the pillar length. Young’s modulus was determined 
from the slope of tensile stress–strain 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 
off from the cell culture dish, resulting in PDMS stamps. Afterwards, 
Pluronic F127 (1%, Sigma-Aldrich, St. Louis, MO) in distilled water was 
adsorbed on the fl at surface of the stamps. Stamps were placed in a 
conformal contact with the micropillar arrays for transferring Pluronic 
F127 to prevent cell adhesion on micropillar top surfaces. Furthermore, 
remaining unstamped surfaces of micropillar arrays, such as micropillar 
sidewalls, were functionalized with FN (Sigma-Aldrich, St. Louis, MO) by 
immersing the whole array in a FN solution (37.5 µg mL −1 ) for 1 h. 

  Cell Culture on Micropillar Arrays : Sterilized samples were placed in 
cell culture dishes (≈30 cm 2  area). Culture medium was α-Minimum 
Essential Medium (MEM) supplemented with fetal bovine serum 
(10%, FBS) (Life technologies, Grand Island, NY) containing penicillin 
(100 U mL −1 ), and streptomycin (100 µg mL −1 ). Media (5 mL) was added 
on top of each sample. Passage three bone marrow-derived hMSCs was 
suspended in medium and applied dropwise, using a pipettor from a 
distance of about 2 cm height, on top of each sample uniformly with a 
density of 2000 cell cm −2 . Immortalized cardiomyocytes at passage 18 
were seeded on another set of samples with the same approach. Cell 
seeded samples were incubated in an atmosphere control incubator at 
37 °C under 5% carbon dioxide atmosphere for 20 h. 

  Microscopy and Data Analysis : After 20 h of culture, samples 
were rinsed in 1X phosphate buffered saline (PBS) and fi xed with 
glutaraldehyde in PBS (2%) for 20 min. For SEM imaging, samples 
were dehydrated in ethanol in with serial dilution and then critical point 
dried (CPD 030, Bal-Tec AG, Balzers, Liechtenstein) under CO 2 . Samples 
were coated with palladium in a sputter coating device and imaged with 
an SEM (FEI Helios 650, Hillsboro, OR). For fl uorescent microscopy, 
samples were rinsed with 1X PBS and were fi xed with phosphate buffered 
formalin (10%, Fisher Scientifi c, Waltham, MA) and stained with Alexa 
Fluor 488 and DAPI (Life technologies, Grand Island, NY) for actin 
fi lament and nucleus fl uorescent staining, respectively. Fluorescent and 
phase contrast imaging was performed with an Olympus IX83 inverted 
motorized microscope with Olympus Cell Sense imaging and analysis 
software (Olympus Corp., Tokyo, Japan). An Olympus 10X (numerical 
aperture: 0.3) objective was utilized for image recording. Cell alignment, 
cell length and width, cell shape anisotropy, and cell nucleus shape 
anisotropy were quantifi ed using ImageJ software (National Institute of 
Health, US). Cell and nucleus elongation were measured as the longest 
axis of the cell body and nucleus within the interpillar space. Cell shape 
anisotropy was quantifi ed by measuring the longest axis of the cell body 
divided to the shorter axis. 

  Time Lapse Analysis of Cell Entrapment, Elongation, and Alignment : 
Fluorescent cell tracking staining kit was purchased from Abcam 
(CytoPainter Cell Tracking Stain Kit, ab138891, Cambridge, MA). 200 000 
cells were suspended in of media (400 µL). Staining solution (400 µL) 
was prepared via diluting the stain with assay buffer with a ratio of 
1:500. Stain was added to cell suspension and cells were incubated in an 
incubator at 37 °C and 5% CO 2  for 20 min. Cell solution was centrifuged 
and pelleted at 1200 rpm for 5 min and then suspended in media 
(1 mL). Micropillars arrays were placed in a cell culture dish (28 cm 2  
area) with growth media (5 mL, α-MEM supplemented with 10% FBS 
containing penicillin (100 U mL −1 ) and streptomycin (100 µg mL −1 )). 
Cells suspension was added to culture media dropwise, using a pipettor 
from a distance of about 2 cm height, on top of the micropillars with 
a cell density of 2000 cell cm −2 . Cells were imaged with fl uorescent 
microscope at different time points of 0.6, 3, 5, and 15 h after cell 
seeding to visualize cell entrapment, elongation, and alignment in 3D 
interpillar space. 

  Statistical Analysis : Data obtained in this study were reported as 
mean ± standard deviation. General linear model statistical analysis 
was performed to analyze association of cell alignment ratio with 
stiffness anisotropy and stiffness. Based on the general linear model 
analysis results, effect of stiffness anisotropy on cell alignment ratio was 
statistically analyzed using one-way ANOVA test. Cell shape anisotropy 
and cell nucleus shape anisotropy were statistically assessed (Minitab 
16 software, Minitab Inc., State College, PA) using ANOVA with Fisher’s 
post hoc test for multiple comparisons. Statistical signifi cance is set 
at 95% confi dence level for all tests ( p  < 0.05). Error bars in fi gures 
represent the standard deviations of the means.  
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