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We develop a technique to generate well-defined adhesive micropatterns on topologically complex 

substrates, enabling the culture of individual cells in precisely-controlled, three-dimensional adhesive 

microstructures. 
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Abstract 

Culturing cells in three-dimensional (3D) environments has been shown to significantly influence cell 

function, and may provide a more physiologically relevant environment within which to study the 

behavior of specific cell types.  3D tissues typically present a topologically complex fibrous adhesive 

environment, which is technically challenging to replicate in a controlled manner. Micropatterning 

technologies have provided significant insights into cell-biomaterial interactions, and can be used to 

create fiber-like adhesive structures, but are typically limited to flat culture systems; the methods are 

difficult to apply to topologically-complex surfaces.  In this work, we utilize crack formation in 

multilayered microfabricated materials under applied strain to rapidly generate well-controlled and 

topologically complex ‘fiber-like’ adhesive protein patterns, capable of supporting cell culture and 

controlling cell shape on three-dimensional patterns.  We first demonstrate that the features of the 

generated adhesive environments such as width, spacing and topology can be controlled, and that these 

factors influence cell morphology.  The patterning technique is then applied to examine the influence of 

fiber structure on the nuclear morphology and actin cytoskeletal structure of cells cultured in a 

nanofibrous biomaterial matrix. 
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Introduction 

The use of micropatterning technologies has generated significant insights into the physical 

mechanisms underlying cell viability
1
, differentiation

2
, morphogenesis

3
, migration

4
, and into the 

fundamental relationships between cells and their environment
5–7

.  In micropatterning studies, cells 

attach and spread on spatially defined, microfabricated adhesive patterns, designed to mimic specific 

aspects of the native cellular microenvironment in terms of geometry, architecture, composition, 

mechanics and dynamics
8
.  Though extremely useful, micropatterning technologies are typically applied 

only to two-dimensional substrates.  This is a significant drawback, as three-dimensional (3D) culture 

systems provide physiologically relevant environments for certain cell types, and are known to 

significantly influence cell function
9–11

, morphology
12

, viability
13

, proliferation
14

, motility
15

 and 

differentiation
16

.  Furthermore, it has been shown that in vitro 3D environments can better replicate 

realistic in vivo responses to therapies
17,18

, enhancing the translatability of in vitro discoveries towards 

clinical applications.  Hence, it is desirable to conduct experiments in 3D environments, and the ability to 

micropattern well-defined 3D adhesive patterns for cell culture should yield considerable insight into 3D 

cell-environment interactions. 

The architecture of 3-D biomaterial cell-culture systems is significantly more complex than that 

of their 2-D counterparts.  In 3-D, both artificial and natural culture environments can often be 

considered as a mesh of adhesive fibers to which cells can attach (Figure 1A).  Cells spread through this 

mesh, taking on 3D-specific morphologies
19

.  Given the demonstrated importance of morphology on cell 

function
7
, the adhesive mesh presented by the fibers probably plays a central role in directing 3D 

functionality.  This hypothesis is strongly supported by recent studies demonstrating that cells cultured 

on fiber-like ‘1-D’ linear adhesive patterns exhibit morphologies and migration behaviors that more 

closely mimic cells in 3-D cultures, as compared to cells cultured on conventional 2-D surfaces
15,20

.  
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 5 

However, adhesive fiber patterns differ greatly between and within biomaterial systems:  the 

dimensions, alignment and topology of fibers are challenging to control simultaneously, with each 

parameter depending upon intrinsic biomaterial properties and the material processing techniques 

being used.  Currently, there exists no simple method to prescribe these features a priori, making it 

challenging to identify the precise role that each one plays in driving cell function.  In this work, we 

develop a technique to fabricate topologically-complex “fiber-like” adhesive patterns in a controlled 

fashion.  We do this by decorating topologically complex microfabricated surfaces (microgrooves in this 

initial demonstration) with adhesive ‘fiber-like’ patterns. 

While it is possible to carefully engineer a fibrous scaffold to culture cells in a defined 3D 

environment
21,22

, such techniques are typically limited in terms of throughput and spatial resolution.  

The spatial resolutions needed to create micron- and sub-micron scale adhesive fibers are challenging to 

achieve even using micropatterning technologies such as microcontact printing (µCP)
23

.  µCP involves 

coating matrix proteins onto the raised features of an elastomeric mold, and then transferring the 

proteins by a stamping process onto a candidate cell culture surface.  Although small features can be 

fabricated into the stamp, they are likely to collapse or deform during stamping; this limits the 

resolution of the protein patterns that can be obtained
24

.  Furthermore, µCP is unable to transfer 

patterns onto topologically complex substrates. Alternative techniques such as projection 

photolithographic patterning
25

, direct laser writing
26,27

, and dip-pen nanolithography
28

 address these 

issues of spatial resolution and topographic patterning, but require highly specialized equipment and 

expertise, unavailable in most wet labs.  Furthermore, these sequential techniques are not easily 

amenable to increasing throughput, which is generally necessary for biological studies.   

In order to address these issues, we explore the use of fracture-based micropatterning 

technologies
29–33

 to generate fiber-like patterns with three-dimensional topologies.  Thin brittle films 
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 6 

supported on an elastomeric membrane form a stable array of cracks under applied mechanical tension, 

and we have leveraged this phenomenon to create dynamic and controllable adhesive cracks at the 

nano- to micron-scale for patterned cell culture
20,34

.  For the purposes of this initial demonstration, we 

adapt this approach to generate fiber-like patterns that transverse the topography of a micro-grooved 

slab of polydimethylsiloxane (PDMS; Figure 1B).  We do this by using non-directional plasma oxidation to 

generate a conformal oxidized layer on a microstructured substrate.  The brittle oxidized layer is 

functionalized to be non-adhesive to cells, and then cracked under applied tension.  These cracks expose 

the underlying adhesive PDMS which is then coated with extracellular matrix proteins.  This process 

creates an array of fiber-like adhesive patterns on all surfaces of the microgrooves.  Cells cultured on 

these well-defined protein matrices adopt distinct morphologies depending on the presentation of the 

adhesive patterns.  We further demonstrate that protein patterns can be used to dissect the effects of 

microenvironmental structure on nuclear shape and actin cytoskeletal structure in nanofibrous 

biomaterials. 

Methods 

Microstructure fabrication 

Negative relief SU-8 (Microchem) masters were fabricated following protocols from the 

manufacturer.   SU-8 2025 was spin-coated onto cleaned silicon wafers to a thickness of ~30 µm, and 

patterned by conventional photolithography to yield an array of 2 cm long microgrooves ranging in 

width from 20 to 80 µm.  Regions of the mold were intentionally designed without microgrooves to 

serve as flat surfaces for control experiments.  The resulting structures were hard-baked at 120 degrees 

overnight, and silanized by exposure to (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane while 

under vacuum for 30 minutes.  Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, MI) base and 

curing agents were thoroughly mixed in a 10:1 ratio (w/w), degassed under vacuum, cast against the SU-
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8 master and cured at 60 °C for at least 4 hours.  The positive replica PDMS slab was then carefully 

peeled from the master.  A well structure, designed to hold sufficient medium for cell culture, was made 

by gluing the patterned face of the microstructured PDMS to the bottom of a square PDMS gasket.  The 

gasket was fabricated by manually cutting a 1 cm × 1 cm hole through a 4 cm × 4 cm × 3 mm PDMS 

cuboid. With the ridge-and-groove microstructures facing up, the relief substrate was glued to the 

bottom of the gasket using uncured PDMS.  The assembly was cured at 150 °C for at least 12 hours, to 

ensure complete curing of the material.   To facilitate rapid production of these devices, the positive 

relief structures were oxidized, silanized and replicated in epoxy (EPOXY Technology, Inc), using 

protocols supplied by the manufacturer.  The resulting epoxy masters were then used to produce 

monolithic microstructured samples with gaskets in a single cast.   

Generation of adhesive fiber-like patterns 

The procedure to generate adhesive crack structures on the microgroove-patterned and flat 

PDMS surfaces is outlined in Figure 1B.  The PDMS devices were oxidized to produce a thin brittle silica-

like layer on the device surface, using a plasma oxidation system (Covance-MP; Femtoscience).  To allow 

uniform oxidation of all groove surfaces, the flat metal grounding electrode that generates highly 

directional plasma fields was removed from the system, and the PDMS devices were oxidized under 

vacuum at 200 W for between 7.5 and 15 minutes.  The surfaces of the plasma-oxidized devices were 

then modified to render them non-adhesive to cells, following previously published protocols 
34

.  The 

surfaces were first silanized by placing them in a dessicator with 100 µL of a 1:1 mixture of mineral oil 

and (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane, under vacuum for 30 minutes.  To confirm 

successful silianization, which renders the surface hydrophobic, a droplet of water was put onto a test 

surface to verify that any wetting was minimal.  The devices were incubated for one hour with 0.1% 

Pluronic F-108 (BASF, in water), which binds to the hydrophobic silane, creating a cell repellent surface.  
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 8 

The final step of the preparation was to rinse the surfaces with copious amounts of double distilled 

water to remove any unbound Pluronic.   

The devices were mounted onto Microvice holders (S.T. Japan USA; FL, USA) using clamps 

provided by the manufacturer.  The Microvice holders were used to subject the devices to linear strains 

of 2.5, 5, 10 or 15%, and generate cracks in the silica-like oxidized PDMS layer. The freshly exposed 

cracked surfaces were not resistant to protein binding, and incubation with solubilized candidate 

extracellular matrix (ECM) proteins generated patterned ECM protein arrays.  For all cell culture 

experiments described in this work, incubation with 40 µg/mL of fibronectin in phosphate-buffered 

saline (PBS; Sigma) for 30 minutes was used to generate the adhesive structures.  For visualization 

purposes, TRITC-labelled bovine serum albumin (TRITC-BSA) was used as the matrix protein.  After the 

protein patters had been created, the applied strain was released to close the cracks, and the devices 

were washed thoroughly in PBS to remove any non-adsorbed ECM.  In all cases, the strain was applied 

along the direction of the microstructures, generating cracks perpendicular to the direction of the 

channels.  In this way, ‘fiber-like’ protein patterns are deposited along the walls of the PDMS 

microgrooves.  Cracks formed ‘1-D’ adhesive linear patterns on the flat surfaces, and were used for 

control experiments.  The crack spacings and widths were characterized using a 3D scanning laser 

interferometer (LEXT OLS4000; Olympus). 

Cell culture 

The patterned protein matrices were sterilized under germicidal UV light for 30 minutes and 

stretched to the desired strain for each experiment.  The PDMS devices were loaded with 150 µL of 

serum-free culture media (Advanced Dulbecco’s Modified Eagle Media (Advanced DMEM; Gibco); 

supplemented with 4mM L-glutamine), and degassed under low vacuum for 30 minutes to ensure that 

air bubbles in the crack features are removed.  NIH 3T3 fibroblast and C2C12 myoblast cells were 
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 9 

cultured on tissue-culture plastic in fully-supplemented growth media (DMEM supplemented with 10% 

fetal bovine serum and 1% antimycotics-antibiotics; 5% CO2, 37 °C) on tissue-culture plastic until 60-70% 

confluent.  The cells were then trypsinized with 0.25% trypsin for 5 minutes, pelleted by centrifugation, 

and re-suspended in Advanced DMEM at the desired concentration.  The cells were then seeded on the 

PDMS devices at 10,000 cells/cm
2
, and allowed to spread on the protein patterns overnight.  They were 

then fixed in 4% paraformaldehyde for 15 minutes at room temperature, and stored at 4 °C until ready 

for staining and analysis.  The strain applied to the devices was released at this point, as the cells 

retained their morphology and structure after fixation. 

Fluorescent labeling, imaging and analysis 

Fixed samples were washed three times in PBS, and permeabilized using 0.1% Triton-X in PBS for 

20 minutes at room temperature.  Fibronectin (FN) matrix proteins were fluorescently labeled using 

standard indirect immunostaining protocols.  The samples were blocked with 3% bovine serum albumen 

(BSA) for 30 minutes at 37 °C, and incubated overnight at 4 °C in a humidified chamber with a 1:200 

dilution of anti-FN primary antibodies in 0.1% BSA solution. The samples were then washed three times 

in PBS, blocked with 10% goat serum for 30 minutes at room temperature, and incubated with a 

secondary Alexafluor 488 antibody (Invitrogen) for 1 hour at room temperature.  Direct labeling for actin 

fibers was conducted by incubating samples with 0.1 µM FITC-labeled phalloidin (Sigma) in 0.1% BSA for 

30 minutes at room temperature.  Nuclei were labeled with Hoechst 33258 (10 µg/mL in 0.1% BSA) for 

15 minutes at room temperature.  In all cases, the samples were washed in PBS thoroughly, and 

mounted on a glass coverslip using Fluoromount G (Southern Biotech).  

The samples were imaged using either epifluorescent (TE300, Nikon) or confocal (Leica SP5) 

microscopy.  Image reconstruction and analysis were conducted in ImageJ (NIH).  Nuclear dimensions 
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 10

were calculated by fitting ellipses to nuclear images using native ImageJ functions, and extracting 

dimensions of long and short axes.   

Statistical analysis 

Data are reported as a mean ± a standard deviation, and statistical comparisons were based on 

one-way analysis of variance (ANOVA).  Post-hoc comparisons were performed with the Tukey test for 

post-ANOVA pairwise comparisons in a one-way ANOVA using SigmaStat 3.5 (San Jose, CA). 

 

Results & Discussion 

Multiscale surface features that span the nano- to micro- regimes have previously been 

demonstrated to be critically important in regulating cell function in a variety of cell-culture model 

systems
6
.  For example, micro- and nanotopography significantly influence differentiation of stem 

cells
35,36

 and the organization and function of engineered cardiac tissue
37

.  Fabricating controlled 

multiscale features are particularly challenging when mimicking three-dimensional cell culture 

environments, which present cells with topographically complex adhesive structures that span both the 

nano- and micro-scale regimes, and typically take the form of an encapsulating fibrous mesh (Figure 1A).  

Topographical and adhesive features of the fibrous mesh likely play a significant role in directing cell 

function, and are hence particularly important to manipulate at both the micro- and nano-scales.  In 

order to replicate the fibrous nature of 3D cell-culture environments in a controlled manner, we 

generated an array of fiber-like adhesive patterns along the surfaces of a microstructured substrate.  In 

this work, linear adhesive patterns were generated by fracture along the surfaces of microgrooves with 

rectangular cross-sections (Figure 1B) to produce a cellular environment consisting of adhesive ‘fiber-

like’ patterns that surrounded the cell on three sides.  The dimensions and characteristics of adhesive 
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 11

patterns could be tuned, enabling control over the properties of the fibrous adhesive structure 

presented to cultured cells.   

Microgroove structures were successfully fabricated with dimensions appropriate for cell 

culture by creating PDMS replicas from SU-8 molds.  The surfaces were passivated to block cell 

adhesion, using a protocol demonstrated to reduce adhesion by two orders of magnitude 

(Supplementary Figure S1), and decorated with fiber-like adhesive patterns using crack patterning.  

Control over the resulting adhesive structures was then studied and characterized for this system.  

Finally, the system was used to study the effect of adhesive fiber-like architecture on the nuclear and 

cytoskeletal morphology of fibroblasts, and the results compared to studies of cells cultured in 

electrospun nanofibrous scaffolds with similar adhesive properties. 

Fabrication of 3D fiber-like adhesive protein patterns 

A weakly-directional oxygen plasma was applied to the sample in order to coat the microgroove 

surfaces with a conformal brittle silica-like oxidized layer.  The directionality of the plasma was 

minimized by removing the grounding plate in a Covance Femtoscience plasma oxidation system, forcing 

the cylindrical metal chamber to serve as the ground electrode.  Although the resulting plasma was 

certainly not isotropic, the strong planar directionality imparted by the flat metal grounding plate was 

reduced, generating a conformal oxidized film on the microgroove structures.  Contiguous cracks were 

demonstrated to form on the top, bottom and side walls of the structures under applied tension (Figure 

2A) and confocal fluorescent microscopy revealed that these adhesive fractures were continuous along 

all the surfaces of the microgrooves (Figure 2B, C, Supplemental Movies 1A, B).  In contrast, a strongly 

directional plasma generated cracks that were not continuous along intersecting surfaces.  

In order to investigate the range of adhesive patterns possible with this system, and to confirm 

that cracks generated on topologically complex substrates behave in a similar manner to cracks 
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 12

generated on flat surfaces
38

, the effects of varying the processing parameters on crack features were 

characterized.  Under applied strains of 5% the crack spacing on the microgrooved substrates increased 

with the thickness of the brittle oxidized layer, and could be manipulated between 10 and 20 µm by 

controlling the duration of plasma oxidation (Figure 2D).  Hence, the present system is best suited to 

recapitulate biomaterials having fibers spaced within this range, such as electrospun scaffolds of 

nanofibrous materials.  Increasing the protein spacing beyond this range using plasma oxidation is 

challenging, as the thicker brittle layer required for more widely spaced cracks is more prone to 

uncontrolled fracture caused by sample heating and the mismatch between the thermal coefficients of 

PDMS and oxidized PDMS
39

.  A smaller protein spacing can be achieved by replacing the Sylgard 184 

PDMS used in these studies with a silicone material that has a greater ultimate tensile strain, such as 

those of the Silastic
TM 

range of products, and applying larger deformations to generate a higher density 

of cracks.  The applied tension can then be reduced to control the width of the fibers while maintaining 

the density.  

Finally, it was observed that the crack spacing was independent of the lateral microgroove 

dimensions used in this study.  Specifically, for microgroove heights of 30 µm, the spacing was 

independent of microgroove width (Figure 2E), demonstrating that spacing between adhesive sites and 

topology of the fibers could be independently manipulated for carefully controlled biological 

experiments.  Although this initial work demonstrates the fabrication of fiber-like patterns on 

microgrooved substrates, these findings suggest that the technique can be applied to more complex 

substrate microfeatures (sawteeth, overhangs, curves, etc.), and thus enables high-resolution, 

inexpensive and accessible adhesive patterning on a variety of topologically complex samples.  

Control of cell shape in 3D protein matrices 

Page 12 of 28Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



 13

Fibronectin adsorbed to the crack structures enables the adhesion of cells to these fiber-like 

patterns.  In this work, we used C2C12 myoblasts and NIH 3T3 fibroblasts as model cell lines, and 

demonstrated that cells develop morphologies aligned with the crack direction
20,34

.  When the cracks 

were patterned perpendicular to the long axis of the microgrooves, cells spread across the width of the 

microgrooves, and adhered to the patterned structures on the side walls of the groove.  As 

demonstrated in Figure 3A, C2C12 cells cultured on fiber-like patterns in narrow grooves of 25 to 70 µm 

were limited in their ability to elongate, and hence spanned the microgrooves from wall to wall, while 

cells cultured on fiber-like patterns on flat surfaces were free to elongate along the crack pattern to a 

greater degree.  We expect that the largest microgroove width across which cells can span is dependent 

on cell type, cell size and adhesive characteristics.  In cases where the cells spread across the 

microgroove, confocal microscopy indicated that cells had attached to the side walls along the adhesive 

lines (Figure 3B, Supplemental Movie 2), demonstrating the ability to micropattern adhesive structures 

in three dimensions.  When cells in this configuration adhered to a single fiber-like pattern, they typically 

adopted a “boat-like” morphology, with a sharp prow and stern, and a bulging middle owing to the 

relatively stiff structure of the nucleus
40,41

.  Similar observations were made for NIH 3T3 cells.   

Not surprisingly, the characteristics of the adhesive patterns presented by the cracks play a 

critical role in directing cell morphology.  The width of the adhesive crack is an important parameter that 

dictates cell spreading
34

, and can be controlled by reducing the strain after the cracks have been 

formed
34

. Figure 4A shows how the crack width varies at increasing crack generation strains.  For this 

system under these conditions, the crack width was significantly reduced at strains lower than about 

5%; at higher strains, increases in crack density (Figure 4B) allow crack width to remain relatively 

constant.  On the narrower cracks, a majority of cells adopted a circular morphology, similar to 

morphologies of cells in suspension (Figure 4C).  On cracks that were wide enough to support cell 

spreading, most cells adhere to a single crack and elongate along the crack direction to span the 
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 14

microgroove (Figure 4D).  The switch between elongated and circular morphologies is similar to previous 

observations when varying crack widths on flat surfaces 
34

.  Crack density also plays a significant role in 

cell morphology.  The crack spacing decreased with increasing strain used to generate them (Figure 4B), 

as expected for these systems.  At still greater strains, the crack spacing was reduced such that the 

majority of cells spread across multiple adhesive cracks (Figure 4E).  The fibroblasts project filopodia 

along the adhesive cracks, and do not span the microgroove structure.  Hence, the width of individual 

fiber-like patterns and the spacing between these patterns can be controlled to prompt distinct 

morphological responses from cultured cells.  

While the crack widths can be varied by changing the applied strain, an inherent limitation in 

this system is the relatively wide range of crack widths (typically +/- 200 nm) associated with a given 

strain (Figure 4A).  This is likely caused by variations in the crack spacing, which affects the crack width
38

.  

It is possible that this issue could be addressed by carefully controlling the crack position using 

micropatterned notch-shaped crack-initiating features, as has previously been developed by our lab
,38,42

.  

3D adhesive matrix architecture directs nuclear morphology 

As a first use of this fracture-based patterning technique, we applied it to study the effects of 

fiber structure on nuclear morphology.  Nuclear morphology is regulated by the mechanics of the 

microenvironment, and by the morphology of spread cells
43–45

.  Nuclear deformation can play a 

significant role in modulating cell function, particularly in the context of disease mechanisms
46–48

.  It 

could, therefore, be an important comparative parameter in assessing the relevance of in vitro model 

systems to in vivo studies.  In previous studies of nuclear morphology in a 3D fibrous environment, 

Nathan et al. generated electrospun nanofibrous poly(ε-caprolactone) biomaterial scaffolds, and 

demonstrated that prolonged application of mechanical strain causes a distinct elongation of the nuclei 

of encapsulated human mesenchymal stem cells
49

.  It is likely that the strain increases the average 
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length of aligned fiber bundles in the nanofibrous matrix, enabling cells to spread along longer fibers 

without the interference of non-aligned fibers.  It may also affect the matrix by changing the spacing 

between the fibers, or by anisotropically stiffening the matrix by local alignment of the fibers.  It is also 

possible that the strain may directly influence cells by mechanotransduction effects.  By generating 

precisely-patterned fiber-like adhesive sites we can create a model of the 3D adhesive environment 

presented by electrospun nanofibrous biomaterials, allowing us to explore the independent role of the 

adhesive-matrix architecture on nuclear morphology, while controlling for other parameters that may 

confound the interpretation of experimental results. 

Microgrooves decorated with crack-generated adhesive structures present well-aligned fibers 

along the bottom and side walls.  In the general 3-D context of fibrous matrices, we define the `coherent 

length’ as the characteristic distance along which a cell may attach, without meeting an intersecting 

fiber.  In the model 3-D environment presented in this work, the `coherent length' can be considered to 

be the width of the microgrooves along which an adhesive line has been patterned.  It can be controlled 

by varying the geometry of the microgrooves.   

It was observed that cells attached to the adhesive lines, and then spread along them within the 

confines of the microgrooves.  In the experiments described here, NIH 3T3 cells are used as a model 

mesenchymal-like cell.  Adhesive patterns in wider grooves have greater coherent length, and NIH 3T3 

cells cultured on these patterns of greater coherent length exhibit significant increases in nuclear length 

(Figure 5A, B).  The nuclear length of cells cultured in the 70 µm-wide channels was comparable to the 

length of the cells grown on 1-D adhesive lines formed on a flat substrate.  This indicates that 70 µm is 

about the limit in coherent length for which this cell type may undergo increases in nuclear 

deformation.  At shorter coherent lengths, there are morphological effects caused by adhesion to the 

intersecting adhesive fiber-like patterns on the microgroove side-walls.  These effects are reduced as the 
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microgrooves grow wider, and the aspect ratio of the cell approaches that of a cell cultured on a simple 

1-D linear pattern on a flat surface.  Once the microgroove is sufficiently wide, the cell is no longer able 

to span the width of the groove, and the cell only experiences the `1-D’ component of the micropattern. 

These findings strongly indicate that the coherent lengths of 3D fiber patterns in biomaterial 

scaffolds are responsible for the nuclear elongation effects observed by other research groups.  Hence, 

the role of mechanical forces on nuclear shape in the 3D biomaterial is most likely caused by the 

mechanical restructuring of the 3D matrix, rather than through a cell mechanotransduction pathway 

activated by the direct application of external force.  The changes in nuclear shape presented here are 

also consistent with a model relating nuclear deformation and cell morphology developed by Versaevel 

et al.
50

, who demonstrate that the nuclei of cells cultured on adhesive micropatterns (fabricated by 

microcontact printing on flat surfaces) deform in proportion to the aspect ratio of the patterned cell.  

This deformation is mediated by actin fibers which tether the nucleus to the sites of adhesion between 

the cells and the supporting adhesive substrate.  Our results demonstrate that a similar trend of nuclear 

deformation occurs when the sites of adhesion are no longer restricted to one plane, as the cells are 

able to attach to the patterned sidewalls of the microgrooves while maintaining extended aspect ratios. 

More broadly, the experiments presented here demonstrate the applicability of this micropatterning 

approach in dissecting the physical effects of complex 3D fibrous environments on cell morphology. 

3D adhesive matrix architecture directs actin cytoskeletal structure 

To further investigate the role of 3D fiber-like adhesive patterns on the cellular cytoskeleton, we 

examined the structure of the cytoskeletal actin network in NIH 3T3 fibroblasts after one day of culture 

in the crack-patterned microgrooves.  In order to quantify our findings, we classified actin cytoskeletal 

(CSK) phenotypes into three categories: diffuse, stage 1 and stage 2.  No distinct actin fibers were 

observable in diffuse CSK phenotypes.  Actin stress fibers were observed around the edges of the cell in 
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stage 1 phenotypes. Fibers were observed around the edges and in other regions of the cell in stage 2 

phenotypes.  Representative images of these phenotypes are shown in Figure 6A.  Fibroblasts cultured 

in the patterned microgrooves displayed distinct differences in actin CSK phenotypic distributions based 

on the coherent length of the fiber patterns.  In all cases, stage 1 actin CSK structures were the most 

frequent.  However, the prevalence of diffuse CSK structures significantly decreased and the prevalence 

of stage 2 structures significantly increased for cells cultured on fibrous patterns of greater coherent 

length (Figure 6B).  This is consistent with the well-established finding that actin stress fibers form when 

cells are well-spread and under endogenously generated mechanical tension
51

.  These results are 

consistent with the notion that the structure and orientation of adhesive fibers within a fibrous 

biomaterial matrix has a significant effect in dictating the formation of stress fibers, which in turn plays a 

critical role in disease-related mechanisms such as differentiation of fibroblasts towards fibrotic 

phenotypes
52,53

.  Hence, this micropatterning approach may provide insight into critical microstructural 

design considerations for tissue engineered scaffolds, in addition to addressing more fundamental 

biological questions. 

Current limitations and future directions 

Several limitations exist in applying this technique to the study of 3D cell-biomaterial 

interactions.  First, this method of generating adhesive micropatterns in 3D is inherently limited in that 

adhesive patterns only form in connected lines, and hence cannot be considered a ‘complete’ 3D 

patterning technology in which arbitrary adhesive patterns can be generated in a three-dimensional 

space.  While the system may be used in conjunction with other techniques such as microcontact 

printing to provide complete control over adhesion sites in 3D, there are alternative (albeit more 

complex) strategies to completely pattern a 3D environment.  The merit of our crack-based patterning 

approach is in the simplicity of the system:  since many biological questions require culture on fibrous 
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mesh-like structures, we believe that the ability to rapidly and easily generate fiber-like adhesive 

patterns can be an important micropatterning technology. 

Second, while the system is well-suited to simulating the adhesive environment presented by 

fibrous mesh structures, it is currently unable to adequately simulate the stiffness and porosity 

presented in 3D matrices.  The PDMS we have used was typically several orders of magnitude stiffer 

than fibrous biomaterials, and it is known that environmental stiffness plays a key role in directing cell 

function
6,12,54

.  Compared with fibrous mesh structures made from collagen, fibrin, or polymer fibers, the 

3D patterned substrates generated with our method are mechanically stiffer, but have the advantage of 

providing well-defined geometric presentation of ECM at cellular length scales.  However, it is expected 

that the stiffness could be reduced to a more appropriate physiological level by using this fracture-based 

technique with alternative substrate materials such as Sylgard 527 gel
55

 or UV-modified PDMS
26

. 

Third, local curvatures in individual biomaterial nanofibers may also play a role in driving cell 

function
56

, and microgrooves patterned using conventional soft lithography are unable to provide these 

curvatures.  Fortunately, the described crack patterning process is compatible with non-planar 

substrates
57

 including curved surfaces, which can be fabricated using a variety of methodologies.  

Provided a conformal oxidized layer can be generated on the sample surface, by either chemical or 

physical means, the approach is adaptable to a wide range of geometric surface structures.   

More broadly, the degree to which presenting the cell with 3D adhesive patterns prompts 3D-

like cell functionality remains an open question.  In addition to changing the adhesive patterns 

surrounding the cell, 3D environments alter a wide variety of other parameters known to influence cell 

function
58,59

.  For example, transport properties are significantly different in 3D culture systems
60,61

, as 

are ligand presentation
62

 and the transfer of intrinsic
12

 and applied mechanical forces
63

.  Although we 

focused primarily on the 3D adhesive environment in this work, each of these other features may play a 
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role in prompting 3D functionality.  Furthermore, while the partial encapsulation of cells in fiber-like 

adhesive patterns may be sufficient to prompt 3D cell functionality, the extent to which cells need to be 

encapsulated to replicate 3D functions is currently unknown.  The system described in this work is 

amenable to altering the aspect ratio of the microgroove structures, by changing the thickness of the 

fabricated SU-8 mold.  Although all the experiments described in this work were conducted at a fixed 

microgroove depth, systematically varying the cavity aspect ratio may be of importance in 

understanding higher order cell functions such as differentiation or apoptosis
62,64

.  Understanding the 

nature of dimensionality in regulating cell function is of critical importance in designing physiologically 

relevant 3D high-throughput screening systems, and the techniques presented in this work to design 

and manipulate fibrous 3D adhesive environments may be of critical significance in addressing these 

issues. 

Conclusions 

Crack-based patterning is a viable approach to produce topologically complex patterned 

adhesive environments for cell culture.  Continuous ‘fiber-like’ adhesive patterns can be generated on all 

surfaces of a microfabricated substrate, and fiber features including spacing, width and topology can be 

manipulated by appropriately designing the substrate dimensions or by varying the fabrication process 

conditions.  Cell morphology is dictated by pattern width and density, and cells can adhere to the 

patterned walls of the culture substrate.  We have used this technology to understand the decoupled 

effects of physical structure in nanofibrous biomaterials on encapsulated cells.  We have also 

demonstrated that nuclear morphology is predictively regulated by cohesive fiber length in three-

dimensional matrix architectures, and that actin CSK development is strongly influenced by the structure 

of the supporting matrix.  The technique that has been presented enables high-resolution adhesive 

micropatterning in topologically complex substrates, a capability that is challenging to achieve in a high-
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throughput manner without highly specialized equipment and expertise.  More broadly, this approach 

may prove useful in dissecting 3D environments to understand how complex microenvironmental 

structures regulate cell function. 
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Figures 

 

 

Figure 1.  (A)  Schematic of a biological cell encapsulated within a three-dimensional fibrous matrix.  

Cells morphology is dictated by the arrangement of surrounding topologically complex adhesive fibers.  

(B)  Fabrication process to generate topologically complex adhesive sites to control cell shape in three 

dimensions.  (1, 2) Micropatterned PDMS substrates are plasma oxidized to generate a thin, brittle silica-

like layer, and surface modified to prevent cell adhesion.  (3) The mismatch in toughness and modulus 

between the bulk PDMS and the silica-like oxidized layer drives the formation of a stable array of cracks 

in the surface when the system is placed under applied tension.  Adhesive proteins selectively adsorb to 

these crack structures, forming precisely defined topologically complex adhesive ‘fibers’ for (4) cell 

attachment and control of morphology. 
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Figure 2.  Crack structures fabricated on three-dimensional surfaces.  (A) Representative bright-field 

image of cracks generated in topologically complex PDMS substrates (scale bar = 20 µm; arrows 

represent direction of applied strain).  (B, C)  Fluorescent visualization of candidate matrix proteins 

(TRITC-BSA) adsorbed to crack structures in (B) the bottom of the microgroove (top view), and (C) across 

the surfaces of the microgroove (perspective view; scale bars = 30 µm).  These images and the 

supplemental movies 1A and B demonstrate that cracks are continuous across the microgroove 

structure.  (D) The crack spacing depends on plasma oxidation treatment times (# p < 0.05, * p < 0.01 by 

one-tailed t-test).  (E) The crack spacing is relatively robust to changes in microgroove widths (no 

significant differences, p > 0.8).  The applied strain in (D) and (E) was 5%.   
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Figure 3.  Cell culture on fracture-patterned topologically complex surfaces.  (A)  C2C12 myoblast cells 

were used as a model cell line and cultured on crack-generated adhesive structures traversing 

microgrooves of width 25 and 70 µm.  For comparison purposes, adhesive cracks are generated on flat 

surfaces, and cells are allowed to spread on these patterns.  When cultured in patterned microgrooves 

of small enough widths, cells do not spread to their maximum possible lengths.  (B)  Fluorescent 

confocal imaging was used to reconstruct a side-view of a cultured cell in a patterned 40 µm 

microgroove (green = actin; blue = nucleus; red = fibronectin matrix protein).  These images and 

supplemental Movie 2 demonstrate that cells adhere to the topologically complex linear adhesive 

patterns, and remain suspended across the width of the groove, indicating that cell shape can be 

controlled in 3D  (scale bars = 20 µm). This technique can be applied to a broad variety of adhesive cells, 

and similar morphologies were observed when culturing NIH 3T3 fibroblasts on these patterns. 
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Figure 4.  Adhesive fiber-like pattern dimensions and spacing influence cell shape.  (A)  Crack widths vary 

with applied strain (* p < 0.01 compared to all other conditions) while (B) crack spacing decreases with 

applied strain.  These dimensions play a critical role in dictating cell morphology.  (C) If the applied strain 

is low, the adhesive patterns are too narrow to support cell spreading, and a majority of NIH 3T3 cells 

retain a rounded morphology.  (D)  At increased strains, adhesive pattern width is sufficient to support 

spreading, and a majority of cells assume an elongated morphology that traverses the microgroove.  (E) 

At still higher strains, crack density is increased and cells tend to span multiple adhesive lines.  Filopodia 

are typically observed along adhesive lines as the cell spreads.  (green = actin; blue = nucleus; white 

dotted lines = edges of the microgroove PDMS structures;  scale bar = 15 µm). 
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Figure 5.  Cell shape directs nuclear morphology in three-dimensional linear adhesive patterns.  (A) NIH 

3T3 cells are cultured on adhesive fiber-like patterns that either traverse microfabricated grooves 25, 40 

and 70 µm wide or exist on flat surfaces (thereby forming linear 1-D patterns).  In each case, cells follow 

the pattern dictated by the crack-generated adhesive patterns (white dotted lines = edge of the 

micropatterned grooves; scale bar = 15 µm).  (B) Nuclear length and width are quantified and 

demonstrate an increase in nuclear length along the direction of cell spreading (* p < 0.001, # p < 0.1, n.s 

p > 0.99; results reported as means +/- standard deviation; n = 33-60, experiment repeated 3 times).  

Cells cultured on crack-generated adhesive patterns spanning grooves greater than 70 µm in width do 

not present nuclear lengths significantly different from cells cultured on crack-generated adhesive 

patterns on flat surfaces.  No significant differences in nuclear width across any of the culture conditions 

are observed (p > 0.9).   
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Figure 6.  Actin fiber structure in NIH 3T3 cells varies based on 3D cell morphology.  (A) Representative 

images of the three categories into which actin fiber structures were classified.  High-resolution imaging 

reveals that actin phenotypes were either (i) diffuse, (ii) formed fibers along the perimeter of the cell 

only (stage 1), or (iii) formed fibers along the perimeter and within the cell body (stage 2).  (B) The 

fraction of cell populations displaying these phenotypes varies based on the width of the 

micropatterned microgroove.  The occurrence of diffuse actin phenotypes decreases with increasing 

microgroove width, while the occurrence of stage 2 actin phenotypes increases with increasing 

microgroove width (* p < 0.01, as compared to all other fractions of the same phenotype; n = 3; 35-60 

cells per sample).    
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