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a b s t r a c t

Our current understanding of 3-dimensional (3D) cell migration is primarily based on results from
fibrous scaffolds with randomly organized internal architecture. Manipulations that change the stiffness
of these 3D scaffolds often alter other matrix parameters that can modulate cell motility independently
or synergistically, making observations less predictive of how cells behave when migrating in 3D. In
order to decouple microstructural influences and stiffness effects, we have designed and fabricated 3D
polyethylene glycol (PEG) scaffolds that permit orthogonal tuning of both elastic moduli and micro-
structure. Scaffolds with log-pile architectures were used to compare the 3D migration properties of
normal breast epithelial cells (HMLE) and Twist-transformed cells (HMLET). Our results indicate that the
nature of cell migration is significantly impacted by the ability of cells to migrate in the third dimension.
2D ECM-coated PEG substrates revealed no statistically significant difference in cell migration between
HMLE and HMLET cells among substrates of different stiffness. However, when cells were allowed to
move along the third dimension, substantial differences were observed for cell displacement, velocity
and path straightness parameters. Furthermore, these differences were sensitive to both substrate
stiffness and the presence of the Twist oncogene. Importantly, these 3D modes of migration provide
insight into the potential for oncogene-transformed cells to migrate within and colonize tissues of
varying stiffness.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A central rationale for studying cell migration is to better
understand cancer biology. More specifically, standard two-
dimensional (2D) environments, such as extracellular matrix
(ECM) protein-coated tissue culture plastic or glass surfaces have
enabled the molecular analysis of the cellular machinery that
regulates cell motility [1e3]. From a pathophysiological perspec-
tive, however, cancer cells are able to invade, migrate through and
colonize three-dimensional (3D) environments during later stages
of cancer progression (i.e., metastasis). Thus, methods for moni-
toring in vitro cell motility in 3D may provide a better approxima-
tion of tumor cell behavior [4]. The mechanical and structural

properties that govern the relationship between tumor cell motility
and their metastatic potential of cancer cells are critically impor-
tant since most cancer-related deaths result from metastatic
lesions, a process that requires cells to invade new tissues and
colonize a tumor away from the primary tumor site [4,5]. While
most cancer cells have unique migration properties that enable
them to enter the circulatory system [6,7], not all cancer cells
metastasize to the same tissues due to their unique preferences for
tissue-specific mechanics and geometry [8]. Furthermore, many of
these preferences are driven by the tissue of origin in which the
primary tumor arose as well as oncogene-driven transformation/
migration properties acquired by the cancer cells during disease
progression [4]. Thus, 2D cell migration studies, while amenable to
analyzing variations in the substrate’s mechanical properties, may
uncover only a portion of the puzzle. While some cell migration
studies that have tested the effect of substrate stiffness in 2D and
3D [9e12], the interplay between matrix mechanics/structure,
disease progression, and cell motility in 3D is not well understood.
To further understand this process, cancer cell migration should
be investigated on scaffolds that facilitate the analysis of the
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unique properties represented in the metastatic tumor microen-
vironment [8].

Degradable synthetic and natural biopolymers which mimic the
ECM have been routinely used as model systems for investigating
3D cell motility in vitro [13e16]. Most biopolymers scaffolds are
typically fibrous in nature having random pore structures or mesh
sizes ranging from nanometer to micron scale. The internal archi-
tecture can be varied by modulating the solid content, gelation
conditions, or by introducing entities which facilitate fiber aggre-
gation and/or crosslinking. However, these scaffolds do not allow
precise control over internal architecture [17], and changes in one
parameter (e.g., fiber stiffness) results in concurrent changes in
other physical parameters (e.g., pore-size, fiber architecture and
deformability) making cell interactions difficult to interpret
[18e20]. For example in collagen scaffolds, modulating the collagen
concentration of the prepolymer concurrently changes fiber
morphology and alters pore-size, which in turn affects cell motility
[21]. This caveat makes such fibrous scaffolds exhibit highly non-
linear behavior at macro and micro-scales, due to heterogeneous
pore-size distribution throughout the scaffold and therefore make
them less predictive of cell behavior [22]. When cells interact with
and deform the local matrix via various bundling, slipping and
sliding mechanisms, the resulting effective stiffness experienced by
the cell may differ from the differences in the bulk stiffness. The
strain-stiffening response in fibrous scaffolds also depends on the
degree of crosslinking, which means that cells experience a local
matrix stiffness, that may be different from the bulk measurements
[23,24]. This makes it difficult to attribute cell behavior to any one
specific scaffold parameter [18e20]. Ultimately, these multi-
parameter effects of changing one variable (e.g., pore-size, shape,
or internal-geometry) inhibit the ability to deconstruct the process
of cell migration under different conditions in which only one
parameter is modified. Lastly, naturally-derived materials used in
several scaffolds are inherently adhesive, offering little or no
control over the presentation of ECM proteins, adding to the
complexity of analyzing results. Since cell migration in 3D ECMs is
closely tied to several microstructural parameters [16,25], there is
a need to develop scaffolds which allow precise tuning of individual
parameters (internal architectures, mechanical properties etc.) to
evaluate orthogonal effects of these structural cues on cell motility.

Current fabrication methods for 3D scaffolds, such as freeze-
drying [9], electrospinning [26], and gas foaming [27] do not
allow precise control of the internal structural features and
topology. Free form fabrication techniques like layer-by-layer
stereolithography, two-photon polymerization, inverted colloidal
crystals (ICC) etc. are capable of providing precise microstructural
properties required to understand cell motility in 3D [28e30]. In
this work, we used versatile layer-by-layer microfabrication system
coined “digital micro-mirror device based projection printing”
(DMD-PP) in combination with photocrosslinkable PEG to produce
a precise log-pile micro-architecture. PEG-based biomaterials have
been used extensively for tissue engineering of bone, vasculature
and other tissues because of their high water content, biocompat-
ibility and tunable mechanical properties [31,32]. Previously, we
have used the DMD-PP method to create 3D PEG-based biological
scaffolds with complex internal architectures at microscale reso-
lutions [33e38]. PEG-based optically transparent 3D scaffolds, are
also compatible with standard microscopy techniques and there
are minimal variations among scaffolds using the DMD-PP method.
The DMD-PP fabrication method used in this work, unlike
conventional manufacturing techniques, is “design driven” and not
“process driven” and therefore facilitates systematic tuning of
individual parameters, including 3D micro-architecture and elastic
modulus. Although, we utilize 3D scaffolds of distinct elastic
modulus to evaluate 3D migration properties of normal and

cancerous breast epithelial cells, the methodology is broadly
applicable for modeling 3D cell motility and various in vivo micro-
environments.

2. Materials and methods

2.1. PEG prepolymer preparation

Poly (ethylene glycol) diacrylate (PEGDA, mol. wt. ¼ 700 kDa), acrylic acid and
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, free-radical quencher) were
purchased from SigmaeAldrich and used as received. Photoinitiator Irgacure 2959
and TINUVIN 234 UV-dye were obtained from Ciba Chemistry. TINUVIN 234,
a UV-absorbing agent, was used to reduce the curing depth of the monomers and
adjust the thickness of the microstructures in the DMD-PP fabrication process.
TEMPO was used to enhance the contrast of the UV-curing process and optimizes
feature resolution at the projection plane. Two prepolymer solutions were mixed as
described below: (1) PEGDA 19% (v/v) þ Acrylic acid [1% (v/v)] þ Irgacure 2959
[1% (w/v)]þ TINUVIN 234 [0.1% (w/v)]þ TEMPO [0.01% (w/v)]þDI water [80% (v/v)]
(2) PEGDA 95% (v/v) þ Acrylic acid [5% (v/v)] þ Irgacure 2959 [1% (w/v)] þ TINUVIN
234 [0.1% (w/v)] þ TEMPO [0.01% (w/v)]. The prepolymer solution was mixed
thoroughly, sonicated for 30 min, and degassed for 15 min.

2.2. Scaffold fabrication method

The DMD-PP process was used to fabricate 3D scaffolds through UV photoli-
thography in a layer-by-layer fashion (Fig. 1A) [33,35]. Briefly, a digital light pro-
cessing (DLP) chip (1920 � 1080 Discovery 4000, Texas Instrument, TX, USA) was
used to create dynamic photomasks from computer-aided design (CAD) (AutoCAD,
CA, USA), which represents the cross-sectional images of the 3D microstructure
(Fig. 1A). The DLP chip projects the patterns (e.g., line array in the log-pile structure)
onto the prepolymer solution using a uniform UV light source (EXFO, Quebec, QC,
Canada). Each layer of the patternwas irradiated for 20 s with an intensity of 50mW/
cm2 through a UV-grade optical lens (Edmunds Optics, Barrington, NJ, USA) onto the
focal point of the projection lens. After the fabrication of each layer, the Z axis of the
fabrication stage was repositioned to create a new layer. The thickness of each 2D
layer can be precisely controlled by placing a glass coverslip above each layer.
Consequently, 3D structureswere created by sequential development of the hydrogel
accordingly to the cross-sectional images generated on the DLP chip (Fig. 1B). The
bottom surface of the coverslip was coated with a nonstick layer formed by Krytox
157 FSH oil (DuPont, Wilmington, DE), which readily releases the cured micro-
structure. Following the fabrication procedure, scaffolds were removed from the
stage and gently washed using phosphate-buffered saline (PBS). The control 2D slab
samples were also made following similar procedure. The photomask used for
fabricating these 2D slabs were just a plain mask with no specific pattern.

2.3. Mechanical testing

Scaffold samples of the PEG polymer were stored in a solution of isopropyl
alcohol (IPA). The samples were decanted and their length and width were
measured. The samples were nominally 3 mm � 3 mm � 1 mm tall, in the shape of
right angle prisms. The samples weremounted in a Perkin Elmer Thermomechanical
analyzer (TMA 7) instrument. The TMA was setup to perform a static force scan,
using two 20mm circular parallel plates. The sample was then loaded with an initial
force of 10 mN, and the sample height was determined by Linear Voltage
Displacement Transducers (LVDT) of the instrument. During the test, the force was
increased on the sample from the initial force (usually 10 mN) to the final force
(usually 2500 mN) at a constant rate of 120 mN/min. The initial loading portion of
each stressestrain curve was used to determine the modulus of the samples.
Typically 3 samples were tested for each sample type to generate reproducible
results. Compressive strain moduli were defined as the slope of the linear portion of
the stressestrain curve (Fig. 2A). Stressestrain curves were plotted and analyzed to
facilitate the calculation of the testing parameters. Statistical significance was
determined with ANOVA (MINITAB V 14.2, Minitab Inc.) using a standard p < 0.001.

2.4. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to analyze the structure of HMLE
cells in the log-pile scaffolds (Fig. 3A). The PEG scaffolds were fixed with glutaral-
dehyde and dehydrated in a series of ethanol baths. The specimens were then
mounted on stubs and sputter-coated with 8 nm thick Iridium using Emitech K575X.
The samples were then examined in the Field Emission Environmental scanning
electron microscope (FEI XL30 ESEM FEG) operated at 10 kV using high vacuum
mode.

2.5. Cell migration on PEG-based scaffolds

HMLE or HMLE-Twist cells were cultured as previously described [39,40] in
MEBMmedia (plus supplements) purchased from Lonza. Each scaffold was activated
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by incubating the scaffolds in a working solution of 0.15 M 1-ethyl-3-[3-dimethy-
laminopropyl] carbodiimide hydrochloride (EDC) and 0.12 M N-hydoxysuccinimide
(NHS) in 2-[morpholino]ethanesulfonic acid (MES) buffer at pH 5 for 2 h. Scaffolds
were briefly rinsed with PBS (pH 7.4) to remove any residual NHS and EDC and
immersed in a 5 mg/mL human plasma fibronectin/PBS solution for 1 h at 37 �C. After
rinsing non-bound fibronectin away with PBS, trypsin-dissociated and PBS-washed
low-passage live cells were plated onto each scaffold in complete media in a glass-
bottom chamber slide. Cells were allowed to adhere for at least 24 h under
controlled temperature and CO2 levels. Time-lapse Z-stacks were acquired on each
scaffold for 10e15 h at 20 min intervals under buffer- and temperature-controlled
conditions using a Nikon TE 2000 scanning confocal microscope. Consecutive Z-
stack slices were acquiredwith a height step of 10microns for a 0.2 mm-thick region
of the scaffold. The stack and side-view images were constructed from 20 to 40
individual slices at each time point using the Imaris 3D imaging software suite
(Fig. 3B). Alternatively, soft and stiff 2D PEG slabs with no 3D architecture were used
as described above to monitor cell migration in 2D. The object analysis function of
Imaris was utilized to calculate the displacement (the distance of a straight line from
initial x, y, z coordinates to final x, y, z coordinates), velocity (migration speed in
microns/sec) and straightness (the quotient of displacement divided by track length
e the total distance traveled by each cell) of cell migration for at least 20 cells in
triplicate in both the 2D and 3D environments. Two-way or student T-test statistical
analysis were performed using the Graph Pad Prism software suite.

3. Results

3.1. Scaffold fabrication

In this study, we prepared 3D PEG scaffolds with log-pile micro-
architecture and 2D PEG slabs. Fig. 2BeF shows the internal log-pile
pore architecture with 5 layers (w100 microns thickness of each
layer). As shown in the optical images, we are able to fabricate log-
pile structures according to the design. For the log-pile scaffold, the
length of the gap between logs was 250e300 microns.

3.2. Mechanical properties

Fig. 2A demonstrates that PEG prepolymer concentration and
3D architecture can be used to tailor the mechanical properties of
the PEGDA scaffolds. Prepolymer concentration of 19% and 95%
(700 kDa molecular weight PEGDA) are referred to as soft and stiff
scaffolds respectively. Results showed that there is a slight increase
in compressive modulus for 2D stiff scaffold (w7 MPa) compared
to the stiff 3D log-pile (w5.5 MPa), however both the stiff scaffolds
are about 8 times stiffer than the soft 2D and 3D scaffolds
(w0.9 MPa).

3.3. Effect of cell transformation and substrate stiffness on 3D cell
migration

Cell motility was first examined on soft and stiff 2D slabs
(Supplemental Movies 1e4). Neither differences in the elastic
modulus of these 2D PEG slabs or TWIST oncogene transformation
of normal mammary epithelial cells (HMLE) affected cell migration
parameters (Table 1, Fig. 4AeB and Supplemental Movies 1e4).
HMLE and Twist-transformed HMLE cells displayed similar
displacements and path straightness measurements, with a slight
decrease in velocity in TWIST-transformed cells on stiff substrates
when compared to these cells on soft substrates. The addition of
a third dimension in which the cells could migrate, induced
substantial effects on nearly all aspects of cell migration. We
assessed cell motility when cells were allowed to migrate in three
dimensions using a 3D log-pile structure (Table 1, Fig. 4CeF and
Supplemental Movies 5e8). Normal HMLE cell displacement
increased from 14.81 to 19.25 microns and the velocity increased
from 2.96 to 6.80 microns/sec when observed on stiff 3D scaffolds
in comparison to stiff 2D slabs (Table 1 and Supplemental Movies 1
and 5). TWIST-transformed HMLE cells (HMLET) displayed
a decrease in displacement (15.74e7.91 microns) and velocity
(2.71e1.85microns/sec) (Table 1 and Supplemental Movies 4 and 8)
whenmonitored on soft 3D scaffolds in comparison to soft 2D slabs.
However, HMLET cells migrate further (13.05e27.14 microns) and
faster (1.83e2.05 microns/sec) on stiff 3D scaffolds (13.05 microns
and 1.83 microns/sec) in comparison to stiff 2D slabs (27.14microns
and 2.05 microns/sec) (Table 1 and Supplemental Movies 3 and 7).
These results demonstrate that Twist transformation of HMLE cells
and substrate stiffness has a notable effect onmigration parameters
predominantly within the 3D scaffold environments.

Supplementary videos related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2012.06.012.

We also observed that differences in 3D scaffold elastic moduli
had opposing effects on overall migration displacement in HMLE
(soft: 24.82 microns, stiff: 19.25 microns) and HMLET (soft: 7.91
microns, stiff: 27.14 microns) cells (Table 1, Fig. 4CeD and Supple-
mental Movies 5e8). However, cell velocity increased for both
HMLE (soft: 3.182 microns/sec, stiff: 6.802 microns/sec) and HMLET
(soft: 1.844 microns/sec, stiff: 2.056 microns/sec) cells on stiff
versus soft 3D scaffolds (Table 1 and Supplemental Movies 5e8).

Fig. 1. (A) Schematic representation of the digital micro-mirror based projection printing (DMD-PP). DMD-PP produces precise features using a system of dynamic masks generated
by a digital light controlling chip. CAD software is used to design and fabricate log-pile scaffolds in photocurable PEG biomaterial. (B) Schematic of the assembled structures; the
layers of crosslinked photopolymer can be stacked to form scaffolds having log-pile micro-architecture. Solidworks files showing the structure at each layer. The layers of cross-
linked PEG can be stacked to form scaffolds having log-pile micro-architecture.
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Finally, while Twist transformation uniformly decreased migration
velocity on both soft (HMLE: 3.182 microns/sec, HMLET: 1.844
microns/sec) and stiff (HMLE: 6.802 microns/sec, HMLET: 2.056
microns/sec) 3D scaffolds, Twist-transformed cells unexpectedly
migrated a shorter distance on soft 3D scaffolds (HMLE: 24.82
microns, HMLET: 7.91 microns) while Twist transformation
increased cell displacement on stiff 3D scaffolds (HMLE: 19.25
microns, HMLET: 27.14 microns) (Table 1, Fig. 4EeF and Supple-
mental Movies 5e8). Importantly, these results demonstrate that
the substrate stiffness alone within the tumor cell microenviron-
ment may in fact be sufficient to promote or inhibit cell migration
and subsequent colonization during processes such as cancer
metastasis. Thus, this in vitro model may prove beneficial in pre-
dicting the tissue invasion preferences for various types of tumor
cells.

4. Discussion

Cancer cells constantly encounter a variety of mechanical forces
during tumor growth, invasion, and metastasis, and in turn, cells
sense, process and actively exert mechanical forces on their
surrounding microenvironment. Most of our current under-
standing about cancer cell migration comes from in vitro studies
using 2D substrates, which do not take into account the true

dimensionality of the physiological system. Several features of the
3D ECM microenvironment such as elastic stiffness and internal
architecture play important roles in cancer cell migration in vivo,
which conventional ECM-coated 2D substrates are not able to
mimic. Current fibrous scaffolds are incapable of precisely
controlling internal-geometry [17] and therefore the specific
influence of controlled changes in 3D scaffold architecture on
cell migration cannot be well understood using traditional 3D
scaffolds. To better understand and model cancer migration, we
need a system wherein various ECM parameters can be tuned
independently.

In this report, we describe a versatile layer-by-layer micro-
fabrication system that cannot only build scaffolds of precise
architecture but also tune their mechanical stiffness (Figs. 2 and
3A). We have used photocrosslinkable PEGDA to produce scaf-
folds using a log-pile internal architecture to investigate changes in
cell migration when cancer cells are presented with an option of
migrating in three dimensions on either stiff or soft scaffolds. While
most solid tumors have a very soft elasticity, the elasticity of the
tissue microenvironment into which cancer cells invade and colo-
nize during metastasis can vary greatly. Thus, we have chosen soft
and stiff elastic moduli for these initial studies demonstrating the
range of applicability for this scaffold system. The results provide
a basic framework for a variety of cancer cell behavior experiments.

Fig. 2. (A) Mechanical properties of DMD-PP fabricated scaffolds having 2D slab and 3D log-pile structures and fabricated using 19% (soft scaffold) and 95% (stiff scaffold) PEGDA
(700 kDa molecular weight). Results showed that there is slight increase in compressive modulus for 2D stiff scaffold (w7 MPa) compared to stiff 3D log-pile (w5.5 MPa). However
both the stiff scaffolds are about 8 times stiffer than the soft 2D and 3D scaffolds (w0.9 MPa). This demonstrates that prepolymer concentration and 3D architecture can be used to
tailor the mechanical properties of the PEGDA scaffolds. (BeC) Optical images show top (B) and side (C) views of the almost optically transparent 3D PEGDA scaffold and the 5-layer
structure. The DMD fabrication process produced precise features using a system of dynamic masks generated by a digital light controlling chip (height w0.5 mm, each layer is
w0.1 mm, scale: 500 mm). (DeF) SEM images of top (D), side (E) and magnified top view (F) of a 3D log-pile scaffold clearly shows the precise internal-geometry (scale: 100 mm).
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Incorporating additional parameters to this system may allow for
a more complete description of cell migration and thereby yield an
in vitro model that approaches a more accurate representation of
the pathophysiological behavior of tumors.

As anticipated, some changes in cell migration parameters were
observed when we allowed migration of cancer cells in the third

dimension and modulated the substrate stiffness. The substantial
finding, however, lies in how observations from experiments
conducted within a 2D system cannot be extrapolated simply to
a 3D system. Specifically, whereas minimal changes in cell migra-
tion parameters were found for both HMLE and HMLET cells on 2D
stiff and soft substrates, an analogous experiment conducted in
a 3D log-pile scaffold system yielded significant differences in
displacement, velocity, and straightness when comparing cell types
or scaffold stiffness. Our findings depend directly on the biosystem
we used. We acknowledge that our results are relevant to micron-
scale 3D architectures and should not be directly extrapolated to
scaffolds with nanoscale resolution. While scaffolds with smaller
pore-sizes (Figure S1) can be fabricated using the DMD-PP system,
we choosemicron-scale pore-size for the log-pile scaffold to negate
any steric-hindrance effects, often seen in 3D cell migration
experiments using random pore-size scaffolds. Since the size of the
cell is smaller than the log-dimensions, a single cell might interact
with complex surface topological features in a 3D setup. Micron-
scale scaffolds open the possibility to test different aspects of
cancer cell migration, especially the effects of local curvatures and
other complex topologies on cancer invasion characteristic.
Micron-scale scaffolds are useful since the overall migration
distances of cancer cells during metastasis also range to several
hundred microns [41]. Moreover, epithelial cancer cells typically
using mesenchymal mode of migration can be 50e200 mm in
length, making the micron-scale scaffolds developed in this work
directly applicable [42]. Micron-scale scaffolds will also be useful to
investigate collective migration in highly differentiated tumors
such as lobular breast cancer where collective-cell invasion has
been shown to predominate [43].

Table 1
Average displacement, velocity and straightness measurements þ/� standard error
means for three individual replicate experiments.

2D migration

Soft Stiff

HMLE
Displacement (mm) 14.14 � 2.589 14.81 � 1.865
Velocity (mm/sec) 2.954 � 0.2898 2.969 � 0.4204
Straightness 0.4841 � 0.05145 0.4811 � 0.04448
HMLET
Displacement (mm) 15.74 � 2.094 13.05 � 1.062
Velocity (mm/sec) 2.707 � 0.2975 1.832 � 0.2579
Straightness 0.5112 � 0.02415 0.5065 � 0.04203

3D Migration

Soft Stiff

HMLE
Displacement (mm) 24.82 � 1.675 19.25 � 1.817
Velocity (mm/sec) 3.182 � 0.2938 6.802 � 0.3416
Straightness 0.5020 � 0.03201 0.6205 � 0.02626
HMLET
Displacement (mm) 7.91 � 0.9703 27.14 � 1.785
Velocity (mm/sec) 1.844 � 0.2793 2.056 � 0.1678
Straightness 0.4498 � 0.03760 0.7040 � 0.03030

Fig. 3. (A) Characteristic SEM images of HMLE and HMLET cells migrating inside the 3D log-pile scaffold. (Scale ¼ 10 mm). (B) Still images at 0 and 8 h from reconstituted 3D confocal
stacks of HMLE (top) and HMLET (bottom) on stiff 3D PEG log-pile scaffolds (scale bar ¼ 100 mm).
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Results clearly demonstrate that it is imperative to investigate
cancer cell migration in a controlled 3D biosystem, with the ability
to selectively tune one parameter without affecting any other
parameters. PEG-based synthetic polymers used in this work,
provides a clean slate to graft any number of biomolecules such as
RGD peptides, growth factors, and biomolecules necessary for cell
migration. This allows us to observe the cellular effects of solely
adding a third dimension without concurrent changes in any other
parameters. The cell migration results obtained in this work will
serve as a template and a baseline to investigate concurrent effects
of modulating multiple parameters simultaneously.

5. Conclusion

The complex interplay between cancer cells and the diverse
micro-environments they encounter during the metastatic process
remains largely unknown, particularly in terms of 3D interactions.
In this work, we focused on “deconstructing” the cancer cell
motility problem, by tuning the biophysical parameters including
micro-architecture and mechanical stiffness that critically regulate

cell migration. Results demonstrate the capability of the DMD-PP
process for tuning stiffness in a 3D microenvironment, without
changing other microstructural and micromechanical parameters
that affect motility. We expect that the field will gain valuable
insight into cancer cell motility by using the DMD-PP fabricated
scaffolds, which permit orthogonal tuning of specific parameters
towards the creation of complex 3D micro-environments that
better reflect the native physiology.
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Appendix A. Supplementary material

Supplementary material associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
biomaterials.2012.06.012.
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