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Cellular communities in living tissues act in concert to establish in-
tricate microenvironments, with complexity difficult to recapitulate
in vitro. We report a method for docking numerous cellularized
hydrogel shapes (100–1,000 μm in size) into hydrogel templates to
construct 3D cellular microenvironments. Each shape can be uniquely
designed to contain customizable concentrations of cells and molec-
ular species, and can be placed into any spatial configuration, pro-
viding extensive compositional and geometric tunability of shape-
coded patterns using a highly biocompatible hydrogel material.
Using precisely arranged hydrogel shapes, we investigated migra-
tory patterns ofhumanmesenchymal stem cells andendothelial cells.
We then developed a finite element gradient model predicting che-
motactic directions of cell migration in micropatterned cocultures
that were validated by tracking ∼2,500 individual cell trajectories.
This simple yet robust hydrogel platform provides a comprehensive
approach to the assembly of 3D cell environments.
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Biological tissues are composed of cellular “building blocks”
that cooperate to provide tissue-specific functions (1–6).

Specific cells, molecules, and their geometric assembly establish
a biological system, whether it is a vascular network surrounded by
parenchymal cells (7), a developing tissue (8–11), or a metastatic
tumor (12–16). In vitro culture systems designed to control the 3D
presentation of multiple cells and molecular species in a bi-
ologically relevant matrix are needed to faithfully recapitulate
intricate biological niches (17–23). Previous attempts to assemble
complex tissue structures in vitro lacked the specificity and yield to
control large numbers of cells and soluble factors (22–24), had
limited resolution at the microscale (25, 26), and used matrices
without adequate biological function (27–32). Therefore, spatial
microenvironmental control of biological systems has been diffi-
cult to achieve. Such control is important in many processes, in-
cluding the migratory formation of vasculature, where gradient
patterns dictate growth of vascular sprouts. For example, endo-
thelial cell (EC) stabilization via mesenchymal stem cell (MSC)
interactions is known to facilitate the maturation of blood vessels
impacting many physiologic systems, from tumors to engineered
tissues (33–35). Recent studies clearly showed the importance of
microscale gradients for vasculogenesis (36–38).
We report a method by which microsized 3D hydrogels are

shape-coded for their biological and physical properties and
docked by iterative sedimentation into shape-matching hydrogel
templates. Microenvironmental niches were fabricated using
gelatin methacrylate (GelMA), a modified native protein with
excellent biocompatibility, tunable mechanical properties, and
micrometer-scale patterning resolution (39, 40). GelMA was
molded into diverse geometric shapes with dimensions of 100–
1,000 μm, after encapsulating cells or labeled molecular species of
a desired type and concentration. This way, biological niches were
shape-coded, and various shapes could be assembled into col-
lective structures with emergent properties.
Shape-coded cell niches were docked into hydrogel templates

containing congruent wells of different geometries using gravity-
based sedimentation. Over multiple sedimentation events, docked

shapes were shear protected and remained in their wells, whereas
mismatched shapes were resuspended to settle again. The geo-
metric uniqueness of each shape enabled exclusivity and specificity
of docking into congruent wells, allowing simple yet precise fabri-
cation of geometric patterns mimicking native cell microenviron-
ments. These techniques were used to form radially organized 3D
patterns to study sprouting and the homing of MSCs to ECs, by
using the diffusive signaling patterns to dictate spatial orientation of
cell migration. A finite element gradient model was built by ac-
counting for the repelling and attracting forces originating from the
docked hydrogels. Large numbers of single cells were tracked using
advanced image processing algorithms to validate the dependence
of cell migration on the spatial gradient.

Results
Fabrication of Hydrogel Shapes and Templates. Cells and labeled
molecular species were encapsulated in GelMA, a naturally oc-
curring peptide-based hydrogel, which was fabricated using elas-
tomeric poly(dimethylsiloxane) (PDMS) molds into a range of
nonsuperimposable geometric shapes (Fig. 1 A–C and Fig. S1).
Each hydrogel shape was coded for the specific types and con-
centrations of encapsulated cells and cytokine surrogates, and was
able to preserve cell viability and biological function over weeks of
in vitro culture. Templates containing combinations of negative
reliefs of shape geometries were designed to mimic different po-
tential microenvironments (Fig. 1 D and E) and fabricated using
methacrylated glass, which covalently cross-linked with theGelMA
to form a substrate-attached hydrogel template (Fig. 1 D and E).

Assembly of Hydrogel Shapes. To assemble microenvironments,
shapes in suspension were pipetted onto a hydrogel template and
docked into their respective wells by sequential sedimentation–
resuspension on an orbital shaker. Shapes, used in excess of their
corresponding wells, were first agitated for 1 min and then
allowed to sediment for another minute. At the end of each
cycle, a fraction of shapes docked into their congruent wells. The
undocked shapes, which settled outside of wells, being geo-
metrically excluded or incorrectly oriented, were resuspended
and allowed to sediment again, whereas the correctly docked
shapes stayed locked in their wells due to shear protection (Fig.
1F). This process allowed for shapes to be sorted into their
congruent wells with high fidelity (Fig. 1 G and H).

Specificity and Yield of Docking. To maximize specificity of dock-
ing, different sets of canonical shapes were designed. Shapes
sized at 60% of the surface area of their congruent well sorted
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with poor specificity, such that only 55% docked into their cor-
rect wells (Fig. 1I). When the shapes were sized to 85% of the
surface area of their congruent wells, the specificity increased to
90% (Fig. 1J). The specificity remained unchanged over se-
quential rounds of shaking, confirming geometric exclusion as
the primary determinant of specificity. Shapes correctly sorted
with a yield of ∼20% in the first cycle, and an additional 10% in
each subsequent cycle, to a maximum yield of 85%, a limit im-
posed by the maximum specificity. The yields and specificities of
iterative sedimentation surpass those achieved with any previous
technique. The change in hydrogel composition (percentage
GelMA) had significant effect on mechanical properties of the
hydrogel without affecting the sorting specificity or yield (Fig.
S2). After sorting, another layer of GelMA was applied to per-
manently lock the sorted shapes into a cell microenvironment
composed of a homogenous biocompatible hydrogel matrix.

Molecular Diffusion from Hydrogel Shapes. The ability to encapsu-
late molecular species within GelMA, along with the precision of
the sorting technique, provided a method to generate unique
spatial gradients. Fluorescently tagged dextran or BSA, serving as
surrogates for cytokines of large molecular size, were encapsu-
lated into circular and rectangular shapes, docked to form specific
patterns, and were allowed to outwardly diffuse. Over the course
of 100 min, red fluorescent dextran emanated from the circle and
green fluorescent dextran emanated from the rectangle, providing
a spatial gradient field over the millimeter-size scale (Fig. 2 A–D
and Movies S1 and S2). The evolution of concentration gradients
demonstrated that the concentrations of molecular species
changed with time in a predictable manner (Fig. 2E). Hydrogel
composition modulated the diffusivity, with faster transport rates
of encapsulated BSA measured for hydrogels made with a lower
percentage of GelMA (Fig. S3).

Engineering Cell Behavior Using Hydrogel Shapes.We demonstrated
that hydrogel shapes can be used to form biomimetic cell envi-
ronments to modulate the function of encapsulated cells. As an
example, neonatal rat cardiomyocytes were encapsulated within
rectangular hydrogels of two width/length aspect ratios: 1:3 and
1:10. After 7 d of culture, all shapes exhibited spontaneous mac-
roscopic beating, with high fractions of viable cells (>98%; Fig. 2
F and G) and remarkable differences in contractile cell function.
The 1:3 rectangles contracted at a significantly higher frequency

and to only ∼12% of their length, whereas the 1:10 rectangles
contracted more slowly and to ∼36% of their total length. These
data suggest differential phenotypic maturation of cardiac sub-
units by simple changes in hydrogel geometry (Fig. 2H and I) and
capability to mature the cellular subunits before assembly into
docked patterns.

Patterning MSC Migration. The hydrogel sorting platform was then
used to control the coculture of human MSCs and human ECs.
MSCs were encapsulated in circular hydrogels, sorted into cen-
trally positioned circular wells, and allowed to migrate out of the
hydrogel toward the surrounding rectangles containing either
acellular or EC-laden hydrogels (Fig. 2 J–M and Fig. S4). Images
in both groups were taken at the same time points, with the only
variable being the presence of ECs. MSCs by themselves mi-
grated out in a constant symmetric, radial fashion; however,
MSCs cultured with EC-containing hydrogels initially migrated
radially, curved their trajectories over time, creating long, arcing
sprouts homing toward ECs. Confocal microscopy of actin (Fig.
2N) provided a closer view of the cytoskeletal architecture of the
migratory MSC sprouts. This visually striking, spatially de-
pendent influence on MSC growth suggested a gradient-based
communication between the two cell types.

Finite Element Model of Cell Migration. To explore gradient effects
between the ECs and MSCs, a 3D finite-element model was built
using the two hydrogel shape types as gradient sources (Fig. 3A).
The model accounted for two driving forces: (i) repulsive
homotypic interaction between MSCs dictating cell migration
from a region of high to low cell density (MSC–MSC repulsion),
and (ii) the chemotactic gradient of EC-secreted factors dictating
MSC migration from a region of low to a region of high concen-
tration (MSC–EC attraction). The MSC-only system was driven
solely by the repulsive cell gradient, whereas the coculture system
combined the two driving forces to form a gradient field akin to
a dipole electric field. The gradient field model was used to check
the relative independence of specific shape geometry on the
subsequent formation of the gradient field. Different shapes—
rectangles, circles and squares—all formed similar gradient fields
when positioned equally, validating that the mutual exclusivity of
shape geometry did not necessitate variable gradient formation
(Fig. S5 A–C). Changing individual shape geometry had only
a small effect compared with changing spatial position of wells in
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Fig. 1. Engineering of geometrically defined cellular microenvironments by docking shape-coded hydrogels into hydrogel templates. (A) Schematic of
micromolding approach to fabrication of gelatin methacrylate (GelMA) hydrogel. (B–E) Bright-field microscopy images of (B and C) GelMA shapes and (D and
E) GelMA templates. (F) Hydrogel shape docking into congruent template wells. (G and H) Merged fluorescent images of (G) free-floating hydrogel shapes
before sorting, and (H) shapes within congruent wells after sorting. (I and J) Specificity of shape sorting as a function of shape geometry, the number of
sorting cycles (1–10), and the ratio of the surface areas of the hydrogel and congruent well: (I) 60% and (J) 85%. (K) Yield of sorting (the percentage of wells
correctly filled), as a function of rounds of shaking for three shape geometries. (Scale bars: 300 μm.) Data are shown as average ± SD (n = 20).
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the hydrogel template, which caused grossly different gradient
patterns (Fig. S5D–F). When biologically assessed, cell migration
in linear configurations matched the model of Fig. S5E accord-
ingly (Fig. S6).

Cell Migration Vectors. To validate the accuracy of the gradient
model of cell migration behavior, cell trajectories were quantified in
the time-lapse images by generating cell-associated vectors using
a MATLAB-based image segmentation algorithm. Contrast
thresholding, image smoothing, Sobel edge detection function, and
a watershed transformation were implemented to create seg-
mented image areas for each cell (Fig. S7). Ellipses were inscribed
within segmented areas, and the resultant long axis vector was used
to represent the cell (Fig. 3 B and C). The vectors formed a com-
prehensive dataset (corresponding to ∼2,500 cells), to allow quan-
titative comparisons to be made for cell migratory speed, angular
distribution, and correlation of cell migration to the developed
gradient model. Using the vector dataset, an average rate of MSC
migration was calculated in the presence or absence of ECs. The
MSCs alonemigratedwith an average speed of 25.9 μm/d, but when

in the presence of ECs, they migrated 36.1 μm/d (a 40% increase;
P = 4.2 × 10−5). The angular distributions of cells were examined
using histograms of the cell angles relative to the right horizontal
axis (Fig. 3 F and G). MSCs cultured alone exhibited uniform
distributions, whereas MSCs cocultured with ECs clustered at
angles correlating to the locations of ECs.

Correlation of Cell Migration to Finite Element Model. Themeasured
directions of cell migration were compared with model predictions
by superimposing cell vector data onto the model vector fields.
Overall, the migrating cells followed the gradient field lines (Fig. 3
D and E). Along radial diagonal lines between rectangles in the
coculturemodel, themigratory deviations reflected ambiguous cell
responses to competing gradients (equal attraction to both rec-
tangles) (Fig. 3 D and E).
For quantitative comparison, the angles between cell data

vectors and model vectors were measured. The angle between the
cell data vector and the finite-element model vector ranged from
0° to 90°, 0 corresponding to perfect agreement between the data
and themodel (Fig. 3D andE, Insets). Comparison of theMSC-only
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Fig. 2. Regulation of cellular function by the geometry and organization of hydrogel shapes. (A–D) Time lapse images of sorted circles and rectangles dosed
with 100 μg/mL Texas Red-tagged 10-kDa dextran and 100 μg/mL Alexa 488-tagged 10-kDa dextran, respectively. (Scale bars: 600 μm.) (E) Fluorescent in-
tensities were obtained starting from the circle edge and to a distance of 2 mm from the circle edge for five different time points. Intensities were normalized
to the maximum intensity across all time points. Relative fluorescent intensity of Texas Red-tagged 10-kDa dextran was plotted as a function of distance from
the circle at the five different time points. (F and G) Neonatal cardiomyocytes encapsulated within GelMA rectangles after 4 d of cultivation. Fluorescent live/
dead staining (Left) is shown along with the associated bright-field images (Right), for the shape geometries with (F) 1:3 aspect ratio (100 × 300 μm) and (G)
1:10 aspect ratio (100 × 1,000 μm); the length of dotted line to solid line shows average deformation of rectangles (n = 15). (H) Contraction frequency (in
hertz) for 1:3 and 1:10 aspect ratio rectangles, shown as average ± SD (n = 27, α = 0.05, *P < 0.01). (I) Contraction deformation (percentage of the total length)
for hydrogel rectangles with a 1:3 and 1:10 aspect ratio, shown as average ± SD (n = 50, α = 0.05, P < 0.01). (J and L) Human mesenchymal stem cells (MSC)
within GelMA hydrogel after 14 d of cultivation, cultured alone (J) or in coculture with endothelial cells (EC) (L). (K and M) Magnification of regions outlined
by the white rectangles in J and L. (Scale bars: 300 μm.) (N) Confocal microscopy of actin (green) and DAPI (blue) staining of MSC growth toward EC after 7 d
of coculture.
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data with the single-gradient model resulted in an average angle
deviation of 21.1°, substantiating that ∼20° deviation is intrinsic
to MSC migration. Interestingly, the average angle was 22° and
29° when comparing the coculture cell data to the coculturemodel
and radial model, respectively. A statistically significant decrease
(by ∼7°, P = 2.23 × 10−7) of the average angle validates that two
simple driving forces can establish a gradient model accounting
for the interactions between MSCs and ECs.
To spatially resolve where the MSCs deviated from the radial

model and migrated toward the ECs, heat maps of cell direction
identified the locations where the cells followed the coculture
model over the radial model (Fig. 3I). The red areas of the heat

map indicate the specific regions where the MSCs responded to
the paracrine signaling effects of ECs by changing course from
a radial migratory pattern, which occurred close to the EC-
containing rectangles. By comparison, the heat map of the angle
magnitudes (Fig. 3H) for the MSC-only data compared with the
single-gradient model showed no spatial localization.

Discussion
This simple assembly technique solves some of the problems of
fidelity and stepwise construction of cellular microenvironments, by
virtue of precision, versatility, and scalability. Precisionwas achieved
using mutual geometric exclusion, where shape-coded hydrogels
could be uniquely tuned to ensure high specificity of spatial docking
within the hydrogel template (Fig. 1). Versatility was achieved using
combinatorial patterning of multiple shape geometries with cus-
tomizable amounts of encapsulated cells and fluorescently labeled
surrogates of cytokines. Additionally, the hydrogelmaterial, GelMA,
is highly biocompatible, supports physiologic cell functions, and
has tunable stiffness and diffusivity. Efficiency and scalability were
achieved through the use of an iterative docking–resuspension
protocol (Fig. 1). Shear protection allowed for rapid conjugate-
well filling due to accumulation of successfully docked shapes in
the final assembly. Because each docking event was independent,
organization occurred in parallel, solving scalability problems, as
the building blocks were placed not sequentially, but simulta-
neously. Thus, both microsized cell niches and large tissue con-
structs can now be assembled over short time periods.
Cell migration was particularly apt to study diffusive cell–cell

communication during vasculogenic network formation, due to the
visible spatial organization of vascular cells along the concentration
gradient fields (Figs. 2 and 3). Despite potentially complicated
signaling networks between MSCs and ECs, the pattern formation
was predictable using only two driving forces—MSC–MSC re-
pulsion and MSC–EC attraction. The mechanism of outward cell
migration is not fully understood (41, 42) and has been described as
a general diffusive process (43, 44). Using the microscale hydrogel
system and an image-processing algorithm, we generated a large
and reproducible cell vector dataset, to quantitate the rates of
migration that increased by∼40%due to the chemotactic effects of
ECs that attractedMSCs. As literature suggests that the PDGF-BB
secreted by ECs is a key recruitment signal for MSCs (33, 45–49),
our future experiments will investigate the role of PDGF-BB in
EC–MSC interactions, among multiple factors that may be at play
in microscale hydrogel environments we describe here.
We present a universal fabrication platform for precisely gen-

erating complex 3D cell microenvironments over multiple size
scales, by patterning any number of encapsulated cells and mo-
lecular species, in any configuration, simultaneously. The charac-
terization of paracrine cell–cell interactions was done using
advanced image processing, finite element modeling, and complex
3D cell patterning. Twomodel growth patterns forMSCmigration
provided the basis for mathematical models defining spatial maps
of diffusive cell communication. Due to the pervasive effect of the
cell microenvironment on cell function, we envision that this
method of subunit-based microenvironmental assembly will be
used to explore numerous processes, such as tumor metastasis,
stem cell differentiation, and scaling for large, spatially designed
tissue engineered constructs.

Materials and Methods
Cell Culture. Human MSCs were isolated from fresh bone marrow aspirates
obtained from Cambrex Life Sciences as previously described (38, 50), grown in
high-glucose DMEMwith 10% (vol/vol) FBS and 1% penicillin/streptomycin (all
from Invitrogen) with 0.1 ng/mL basic FGF (Invitrogen), and expanded to pas-
sage 8 or lower. Human umbilical vein endothelial cells were isolated from
postnatal discarded umbilical veins and fully de-identified following the pro-
tocol IRB-AAAC4839 approved by the Columbia University Institutional Review
Board, and grown using EGM-2 Media (Lonza) to passage 8 or lower. Rat
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Fig. 3. Modeling of cell migration. (A) Schematic diagram of MSC migration
in response to concentration gradients generated by ECs. (B and C) Cell
vectors were generated from day 14 phase contrast cell images using image-
processing techniques. Average migration rates were measured using the
vectors generated for each group. (D and E) Representative examples of
overlays of processed cell vectors and COMSOL modeled vector fields for the
two culture conditions: (D) MSC-only and (E) MSC–EC coculture. (Insets)
Magnifications of the outlined regions to illustrate correlation between the
two vector fields. The average angle difference between the measured cell
vector and model prediction was calculated for the matched and unmatched
models. (F and G) Radial distribution of the angles of cell trajectories, with
the bin set to 10°. (H) Heat map of angle magnitudes between standard
radial coordinates and cell data. (I) Heat map of angle differences between
cocultured cells and the corresponding matched or mismatched model. The
color-coded bar shows the angle correlation for the heat map.
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neonatal cardiomyocytes were harvested from day 1–2 neonatal rats as in our
previous studies (51) under protocol AC-AAAB2757 approved by the Columbia
University Institutional Animal Care and Use Committee.

Micromolding of Hydrogel Shapes and Templates. GelMA was synthesized
according to a previously published method (39, 40). PDMS (Fisher) molds for
generating the hydrogel shapes and wells were prepared using standard soft
lithography. The masks used in SU-8 (Microchem) photolithography to fab-
ricate master molds were generated by (Cad/Art Services). Specifically, molds
for circle shapes were 600 μm in diameter × 500 μmdeep, rectangles were 300
μm wide × 750 μm long × 300 μm deep, and triangles were equilateral with
each side being 600 μm × 300 μm deep. Shapes used in the cardiomyocyte
study were 100 μm wide × 300 μm or 1,000 μm long × 100 μm deep. Each
shape was generated in ∼400 repeating copies per batch, using a 4 cm × 2.5
cm mold. Molds for the well templates were fabricated using the same soft
lithography technique. PDMS molds were created from the master patterns,
washed, dried, and plasma cleaned for 60 s.

Hydrogel shapes were fabricated using a 10% (wt/vol) prepolymer solution
of GelMA, 1% (wt/vol) 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-
propanone (Irgacure-2959; BASF), and 1% (vol/vol) 1-vinyl-2-pyrrolidone
(Sigma) in PBS (Invitrogen). For eachgeometric shape, adefined concentration
of cells or fluorescently labeled molecules was added to each prepolymeri-
zation GelMA solution. The GelMA solution containing a desired concentra-
tion of specific cells or molecular species was pipetted onto the PDMS mold,
placedonaglass slide excludingexcessGelMA, andexposed toUV light for 30 s
(Omnicure 100; LumenDynamics). Following polymerization, the shapeswere
harvested from the wells by resuspension and pipetting. To generate conju-
gatewell templates,maskswith a specific configurationofmultiple geometric
shapes were used to generate the PDMSmolds. The 10% (wt/vol) prepolymer
GelMA solution was placed between the PDMSmold and a glass slide treated
with 3-(trimethoxysilyl)propyl methacrylate (Sigma) to permit a covalent
linkage of the well hydrogel to the glass substrate upon polymerization. For
additional specifications, please see Fig. 1 and Fig. S1.

Sorting and Docking. After fabrication, a mixture of geometric shapes needed
for a specific experiment was suspended in DMEM at a concentration of ∼100
shapes permL. A suspension of the three canonical shapes—circle, triangle and
rectangle—was pipetted on the hydrogel template containing a specific con-
figuration of geometrically differentwells, and allowed to settle for 1min. The
hydrogel template was then exposed to agitation using an orbital shaker
(Innova 4000; NewBrunswick Scientific) set to 90 rpm,which allowed sufficient
agitation to resuspend incorrectly sorted shapes, but was gentle enough to
maintain shear protection for the correctly sorted shapes. After 1 min of agi-
tation, the shapes were allowed to settle again for 1 min. This process was
repeated for up to 10 cycles, by which time the well templates were occupied
by properly docked shapes. Following sorting, excess shapes were washed
away from thewells, and an additional layer of un–cross-linked GelMAwas UV
polymerized for 30 s to permanently lock the sorted shapes.

Shape Sorting Analysis. A suspension containing excess amount of hydrogel
shapes of any specific type was pipetted onto a template in form of a Car-
tesian grid of circles, triangles, and rectangles at a density of 92 wells per cm2.
For each shape and gel concentration, the docking specificity was calculated
as a ratio of correctly sorted shapes and the total number of docked shapes.
The docking yield was calculated as a ratio of the number of the docked
shapes of a particular type and the number of congruent wells.

Diffusion Studies. Circular shapes were suspended in a 100 μg/mL Texas Red-
tagged 10-kDa dextran or Texas Red-tagged BSA. Rectangular shapes were
suspended in a 100 μg/mL Alexa 488-tagged 10-kDa dextran or Alexa 488-
tagged BSA for 8 h to allow the fluorescently tagged molecules to fully
diffuse into the gel (all reagents, Invitrogen). Shapes were sorted and as-
sembled into the template wells, and fluorescence images of the patterns
were taken every 10 min over 100 min at the same image settings. Using
MATLAB, areas with the shapes were masked out, and fluorescence intensity
of the remaining images was normalized to the maximum intensity of all
images in the experiment. As an additional metric comparing 10% and 20%
GelMA, the distance at which fluorescence intensity dropped below 50%
was measured for each time point.

Cell Migration. MSCs were encapsulated into circular shapes; ECs were en-
capsulated into rectangular shapes at a concentration of 106 cells/mL. For the
migration experiments, the hydrogel template contained patterns with
a central circle (600 μm diameter × 750 μm deep) surrounded by four rec-
tangles (300 μm wide × 750 μm long × 750 μm deep) that were spaced 750 μm

from the center of the circle. Cells were cultured in EGM-2, and phase
contrast images were taken at regular intervals for up to 14 d.

Numerical Simulation of Diffusion Gradients. The multiphysics software
COMSOL (COMSOLAB)was used to solve the partial differential equation (PDE)
fordiffusionofbioactivemolecular species (encapsulatedinhydrogelorreleased
by the cells) over the entire domain [∇ · ð−D∇cÞ= 0, where D is the diffusion
coefficient, and c is the concentration ofmolecular species].We chose thewhole
template to serve as a simulation domain, because we were interested in cel-
lularmigratory behavior in the template and not within the shapes themselves.
We assume that the molecular diffusion within the shapes did not affect the
gradient within the template. The circumferential boundary conditions of dif-
ferent shapes—positive flux for the growth factor secreting cells (ECs as a sink)
and negative flux for the growth factor-consuming cells (MSCs as a source)—
were defined using the following equation:−n ·N=N0;N= −D∇c, where n is
the normal vector and N0 is the constant inward flux at the boundary. We
further set the initial growth factor concentration at zero throughout the entire
domain (c0 = 0), defined the domain boundaries with convective flux (which
denotes that thegrowth factor can freely diffuse in andout of the domain), and
held the diffusion coefficient constant over the domain (D= const). To achieve
short simulation times with high accuracy, we chose a mesh size of 2 μm in the
vicinity of the boundaries and 10 μm in the bulk. We used “Direct (UMFPACK)”
solver to solve the PDE with the above boundary conditions and exported the
concentration gradient vector map to compare with the experimental data.

Image Analysis of Cell Migration. Cell migration images were processed by
MATLAB to inscribe vectors quantifying their orientation. Imagesweremasked
to removethearea containingshapes,because the shapesgaveobviousnoncell
vectors due to edge effects. The subsequent image was smoothed using a re-
construction algorithm, with a close-open filtering sequence. A serial opening
by reconstruction using disk-shaped structuring elements of 2–7 pixels in di-
ameter allowed for discolorations within the cell to be removed without af-
fecting the cell boundaries, effectively smoothing the cell image while
preserving clear edges of the cell boundaries. A Gaussianfilter further reduced
noise in the images by using a rotationally symmetric Gaussian blur for each
pixel. Next, the images were thresholded using a high-pass filter to remove
low-intensity pixels from the background. A Sobel operator was used to ac-
centuate cell edges, with the gradient of pixel intensity used to highlight the
regionswith large differences in pixel intensity, corresponding to a cell edge. A
watershed transformation allowed the segmentation of each cell into an
enclosed shape for further analysis (Fig. S7). Using built-in ImageJ functions, an
ellipse was fit to each segmented cell, where the centroid of the ellipse de-
marcated the location of the cell and the long axis was used as the cell vector.

Determination of Migration Rate. Images were quantified for overall migra-
tion rates using vectors generated from day 14 images. The total distance
from the circle edge to the leading migration edge was measured using
ImageJ by connecting vectors head to tail, resulting in a total distance
traveled. This analysis was performed for all points around the circle and
averaged over time, resulting in an average migration rate for the MSC alone
and MSC–EC coculture groups.

Cell Vector Analysis. To compare the measured angles of cell vectors with the
model predictions, each cell location was correlated to the model by aligning
the hydrogel rectangles on bright-field images to the rectangles in themodel,
and scaling the distances so all of the cell images would be spatially com-
patible. Each cell vector was compared with the associated model vector and
the dot product was used to determine the angle between the two vectors, to
be used to generate heat maps and histograms.

HeatMaps.Heatmapswere generated using aMATLAB script with the grid-fit
function to derive the plots from the cell vector angle data. For monoculture
heat maps (Fig. 3G), the angle between each cell vector and its associated
radial vector was determined from the dot vector product, and plotted as
a heat map (with red corresponding to 90°, and blue corresponding to 0°).
For coculture heat maps (Fig. 3I), the angle between the measured and
modeled coculture cell vectors and the coculture model was compared with
the radial diffusion model. The heat maps highlight in red the regions where
the coculture cell vectors showed agreement with the coculture diffusion
model, but not the radial model.

Statistics. To compare the effect of shape geometry or hydrogel composition
on the yield of shape sorting, two-way ANOVA was performed (n = 3, P <
0.05). Furthermore, to compare efficiency, two-way ANOVA was performed
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at each round of shaking (n = 3, P < 0.05). To establish differences between
the experimental groups for cardiac contraction studies, the nonparametric,
Wilcoxon rank sum test (also known as Mann–Whitney U test) was used (n =
27–50, α = 0.05, P < 0.01). Statistical differences between migration rates for
MSC-alone and MSC–EC groups were determined using a two-sample t test
(n > 26, P < 0.05). A circular statistics toolbox designed for MATLAB was used
to compare the average angle differences between the cell data and models
(n = 2,500) (52). The Watson–Williams two-sample test (circular analog to
the Student t test) was used to compare the groups, with the angle binning
of <10°. This test assumes an appropriate von Mises distribution or circular

analog of the normal distribution (52). With α = 0.05, a final P value was
<0.01. Normality testing using the Kuiper test (circular invariant analog to
Kolmogorov–Smirnov test) demonstrated normal distributions of compared
with the von Mises distribution.

For additional details on GelMA synthesis, mechanical testing, and cardiac
contraction analysis, please see SI Materials and Methods.
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