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Abstract
Anisotropic tissue structures provide guidance for navigating neurons in vitro and in vivo. Here we
optimized the generation of comparable anisotropic monolayers of astrocytes, endothelial cells, and
Schwann cells as a first step toward determining which properties of anisotropic cells are sufficient
for nerve guidance. The statistical experimental design method Design of Experiments and the
experimental analysis method Response Surface Methodology were applied to improve efficiency
and utility. Factors investigated included dimensions of microcontact printed protein patterns, cell
density, and culture duration. Protein patterning spacing had the strongest influence. When cells
initially aligned at borders and proliferated to fill in spaces, space between stripes was most effective
when it was comparable to cell size. Maximizing the area of adhesive molecule coverage was also
important for confluence of these types of cells. When cells adhered and aligned over the width of a
stripe and broadened to fill spaces, space width about half the cell width was most effective. These
findings suggest that if the mechanism of alignment, alignment at borders or over the width of the
stripe, is predetermined and the cell size determined, the optimal size of the micropatterning for
aligned monolayers of other cell types can be predicted. This study also demonstrates the effective
use of DOE and RSM to probe cellular responses to various and multiple factors toward determination
of optimal conditions for a desired cellular response.
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INTRODUCTION
The generation of anisotropic tissues is important for a variety of biomedical engineering
applications including devising organ replacements, guiding tissue regeneration, designing
biomimetic materials, and modeling cellular interactions. The formation of highly organized
tissues is also critically important in development i.e. vasculogenesis and angiogenesis1, 2,
skeletogenesis3, myogenesis 4, etc. Anisotropic guidance is of particular importance in the
nervous system. Oriented glial cells and vasculature guide the formation of precise neuronal
connections during development 5–8. Injury to the central nervous system (CNS) results in an
inhibitory biochemical barrier to regeneration, but furthermore disrupts the geometric
organization of the surrounding tissue 9. The inherent injury response in the peripheral nervous
system (PNS) includes reorganization of the injury site with a favorable anisotropic geometry
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as well as permissive biochemical factors 10. As nerves attempt to regenerate after injury in
either the CNS or PNS, oriented tissues are important for effective nerve guidance.

Many studies have established that many cell types have the ability to orient to specific
guidance cues in their local environments. Endothelial cells (ECs) have been aligned with shear
stress 11, 12, underlying substrate topography 13, and protein patterns 13–16. Astrocytes have
been aligned with electric fields 17, 18, mechanical strain 19, and substrate topography 19–22.
Schwann cells (SCs) have been aligned with substrate topography 23 and protein patterns 24–
26. Oligodendrocytes and fibroblasts have been aligned with topography 20, 21, 27–30.
Generally, cell alignment has been demonstrated, but optimization of alignment is less
completely understood.

Most of the experimentation in cellular alignment optimization is performed by changing the
levels of each variable separately while keeping the remaining variables constant, leading to a
large number of experiments. One-factor-at-a-time investigations also ignore interactions
between factors and do not elucidate which factors are most important and thus often do not
provide information about the overall optimum. One of the most well-utilized experimental
analysis methods for examination of factors is Response Surface Methodology (RSM)31–34.
RSM is a set of statistical methods which consists of using a data set from designed experiments
to determine conditions by which and a desired response can be obtained. Design of
Experiments (DOE)has been demonstrated to be efficient and satisfactory for the acquisition
of information to correlate independent factors with response in formulation composition and/
or manufacturing processing parameters. While the power of DOE and RSM has been well
demonstrated in chemical and process engineering, these tools have not been applied
extensively in cellular and molecular bioengineering.

In the particular case of the nervous system, previous work has shown that neurons are guided
by anisotropic tissue structures in vitro and in vivo. Neurons can align to tissues such as nerve
35, 36, white matter 9, muscle 37–39, and blood vessels 40–42; to transplanted olfactory
ensheathing cells 43, marrow stromal cells 44, and tracks of SCs 45; and in co-cultures with
aligned astrocytes 17, 19, 20, 46, SCs 23, 47, 48, meningeal cells 49, olfactory ensheathing cells
20, and fibroblasts 49, 50. In motivating strategies to promote nerve regeneration, this work
gives rise to several questions: Is anisotropy of any tissue or cell type sufficient for nerve
guidance? Which cellular properties are important for guidance?

In this study, we generated comparable confluent and aligned monolayers of SCs, astrocytes,
and ECs. Investigation of the influence of protein patterning parameters on cellular confluence
and alignment was optimized by DOE and statistically modeled and analyzed quantitatively
by RSM, and conditions for desired responses were predicted and confirmed for each cell type.
The systematic optimization of biochemical conditions to enhance cellular alignment and
confluence was investigated as a first step toward generating anisotropic tissues and biomimetic
substrates for studying neuron guidance. Successful application of the statistical experimental
design method DOE, the experimental analysis method RSM, and statistical optimization to
surface engineering and cell culture parameters was also demonstrated.

MATERIALS AND METHODS
Experimental design and statistical analysis

Statistical software package Design-Expert (Version 7, Stat-Ease, Minneapolis, MN, USA)
was used to design and analyze the experiment. A four-factor d-optimal design with a full set
of replicates was calculated to model alignment and confluence. The same experimental design
was used for the three cell types investigated: astrocytes (A7s), human umbilical vein ECs
(HUVECs), and SCs. The four factors investigated for effects on alignment and confluence
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were width of space between protein stripes, width of protein stripes, starting cell density, and
time in culture (Table 1). The first and second factors had five levels each: 10, 20, 30, 40, and
50 μm. The third factor had three levels (determined from confluence experiments): 17K cells
cm−2, 26K cells cm−2, and 49K cells cm−2. The fourth factor had two levels: 24h and 48h for
A7s and HUVECs, and 48h and 72h for SCs. The number of cells cm−2 and the mean vector
length (MVL) of the clustering of nuclear alignment at the end of each run were measured with
the analysis described below(Table 2).

Cell culture
Cell culture reagents were from Invitrogen Life Technologies (Carlsbad, CA, USA) unless
otherwise indicated. Cultures were incubated at 37°C with 5% CO2 in a humidified
environment.

SCs from rat sciatic nerve, a generous gift of Dr. Mary Bunge (University of Miami, Coral
Gables, FL, USA), were cultured on tissue culture plastic dishes coated with 100 μg ml−1 poly
(L-lysine) (PLL; Sigma, St. Louis, MO, USA) in Dulbecco’s modified eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS), 4 mM L-glutamine, 100 U ml−1 penicillin and
100 μg ml−1 streptomycin supplemented with 2 μM forskolin (Sigma), 10 μg ml−1 bovine
pituitary extract (Sigma) and 2 μM here gulin (generous gift from Genentech, Vacaville, CA,
USA) (SC media). Cells used in experiments were between passages 5 and 9.

A7s, a generous gift of Dr. Herbert Geller (Developmental Neurobiology Section, NHLBI,
NIH, Bethesda, MD, USA), were cultured on tissue-culture plastic dishes in DMEM with 10%
FBS, 4 mM L-glutamine, 100 U ml−1 penicillin and 100 μg ml−1 streptomycin supplemented
with 5 μg ml−1 insulin from bovine pancreas. Cells used in experiments were between passages
9 and 13.

HUVECs (PCS-100-010, ATCC, Manassas, VA, USA) were cultured on tissue-culture plastic
dishes in endothelial growth media-2 (EGM-2) (Cambrex, Rockland, ME, USA). Cells used
in experiments were between passages 5 and 11.

Determination of cell density at confluence
Cells were allowed to grow to confluence in T25 culture flasks. Samples were fixed with 2%
paraformaldehyde (Sigma) in 0.1 M phosphate-buffered saline (PBS). Cells were then stained
with 4′,6′-diamidino-2-phenylindole (DAPI, Sigma) and analyzed for cell density as described
below.

Alignment study
Substrates were prepared as previously described 51. For SCs and A7s, poly(dimethyl siloxane)
(PDMS) microstamps with plateaus of 10 mm length, 10–50 μm width and 10–50 μm pitch
were coated with laminin (LN) and stamped onto glass coverslips via micro-contact printing.
For HUVECs, coverslips were microstamped with human fibronectin (FN) stripes. SCs, A7s,
and HUVECs were plated on the appropriate substrates at 17K, 26K, or 49K cells cm−2 and
incubated for 24–72 h. Cells were fixed with 2% paraformaldehyde (Sigma) in 0.1 M
phosphate-buffered saline (PBS), stained with DAPI and analyzed for alignment as described
below. Control coverslips coated uniformly with LN or FN were also plated at these cell
densities, fixed at appropriate time points, and analyzed.

Confirmation of protein patterning
Fixed samples were blocked for 1 h at room temperature with 10% goat serum (Jackson
Immuno Research Laboratories, West Grove, PA, USA) and 1% bovine serum albumin
(Sigma) in 0.1 M PBS (blocking buffer) with the addition of 0.1% Triton X-100 (VWR, West
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Chester, PA, USA) for permeabilization. Samples were incubated overnight at 4°C with a rabbit
polyclonal anti-LN primary antibody (Biomedical Technologies Inc., Stoughton, MA, USA)
or monoclonal anti-cellular FN primary antibody (Sigma), diluted 1:200 in blocking buffer.
Samples were rinsed in PBS, incubated for 1 h at room temperature with Cy2 or Cy3-conjugated
goat anti-rabbit secondary antibody or Cy2 or Cy3-conjugated goat anti-mouse secondary
antibody (Jackson Immuno Research Laboratories) diluted 1:200 in blocking buffer, rinsed in
PBS and viewed under fluorescence microscopy.

Microscopy
12-bit fluorescent images were obtained at 100× magnification with a 30-ms exposure for
imaging of DAPI, 100-ms exposure for imaging of immunohistochemistry, and 10-ms
exposure for imaging of phase contrast and analyzed as described below.

To visualize alignment and proliferation of support cells on micropatterned substrates, ten 664
μm × 872 μm fields of view (FOVs) were acquired at 100× magnification on a Nikon Eclipse
TE2000-S microscope equipped with phase-contrast and epifluorescence optics and software-
controlled motorized stage. Samples were oriented so that substrate pattern direction was
uniform between samples. Corresponding phase and epifluorescence images were captured
using a Hamamatsu Orca-ER camera, an Orbit shutter controller, and a Ludl stage controller,
outputting to OpenLab v4.0.4 (Improvision, Lexington, MA, USA). A custom stage
automation was written which allows the user to select the area of protein patterning, choose
10 points at random within this area, and obtain corresponding images of phase, DAPI, and
stained micropattern.

DAPI images for adhesion and cell density analysis were converted to 8-bit greyscale with
Adobe Photoshop CS2, inverted, and the contrast was adjusted using the level and curve
functions. Nuclei number were assessed with ImageJ v1.36, using the Otsu function of the
multithresholder plugin and the particle analyzer plugin with size filter set to 50–850 pixels to
exclude image artifacts and cell clusters. For alignment and confluence analysis, DAPI images
were processed as described, and nuclei number and angle of orientation were assessed with
ImageJ. This data was analyzed with Oriana v2.02c (Kovach Computing Services, Pentraeth,
UK).

Statistical analysis
Circular analysis was used to analyze the angular distributions of the major axes of the nuclei
(Li et al 2008). Circular mean vectors were calculated, where the length of the mean vector
corresponds to the degree of clustering of the data, and the direction of the mean vector
corresponds to the mean direction of the data. Uniformity of the distribution of nuclei was
assessed using a Rao’s spacing test and alignment of nuclei in the direction of the substrate
pattern was assessed with a V-test. Oriana 2.02c software was used for circular analysis. For
all cases, a P value of 0.05 was taken to be significant. Design results were analyzed by standard
analysis of variance (ANOVA) and fitted to a second-order polynomial equation.

RESULTS
Design of Experiment

In this study, we investigated the effects of protein pattern dimensions, cell plating density,
and time in culture on the generation of aligned, confluent monolayers of three cell types. In
order to optimize the experimental efficiency, DOE was utilized. A D-optimal design, which
is generated by an iterative search algorithm that minimizes the covariance of the parameter
estimates for a specified model, was selected and reduced the number of required experiments
from 150 to 59 for each cell type. We hypothesized that several factors would interact to affect

Kofron and Hoffman-Kim Page 4

Cell Mol Bioeng. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the monolayers, i.e. that plating density and culture time would interact to affect the terminal
cell density. Therefore, a second order interaction model was chosen so that both the main
effects of each individual factor as well as any dual factor interactions could be investigated.
The following model was proposed to describe the monolayers.

Where Y is the response (either mean vector length or terminal cell density), A is the space
between protein stripes, B is the width of protein stripes, C is the initial plating density, D is
the culture time, and xi and xij are the coefficients.

Factors and Responses Analyzed
The space between protein stripes and the width of protein stripes were varied from 10–50
μm in 10 μm intervals. The initial plating densities and culture times were determined from
pilot experiments that established the density of each cell type at confluence (Figure 1A). At
confluence, the density of A7s was 105,000 ± 20,000 cells cm−2 (Figure 1B), the density of
HUVECs was 41,000 ± 9,000 cells cm−2 (Figure 1C), and the density of SCs was 55,000 ±
14,000 cells cm−2 (Figure 1D). Initial plating densities for the experiments of the study were
chosen to correspond to approximately half of the cell density of each cell type at confluence,
i.e. 49K, 17K, and 26K cells cm−2. In pilot experiments plating cells on LN coated coverslips
at these densities, most samples were confluent within 48h (A7s, HUVECs) or 72h (SCs). Thus
culture times of 24h, 48h, and 72h were chosen for investigation. Mean vector length of the
distribution of nuclear angles was used as a measure of overall alignment (Figure 2), and the
number of cells stained by DAPI and counted was used as a measure of the final confluence.

The D-optimal mixture design and response results for each run can be found in supplementary
materials. From the 150 candidate points for each cell type, 59 experimental points were chosen
by Design Expert software to establish the model and assess the fit of the model. These
experimental points included vertices, centers of the edges, blends of the inner experimental
space, and overall centroid. Each run was replicated for a total of 118 runs for each cell type.
All runs were carried out in the order given by the software. Of the 354 runs in the study, 21
runs were repeated at the end of all trials to replace runs that contained sub-optimal
microstamping or cell health as revealed by immunohistochemistry. The high, low, and average
responses recorded for each cell type are presented in Table 2.

The RSM models for all cell types are presented in Tables 3 and 4 and Figures 3–6. The models
are presented in two ways: (1) with coefficients that correspond to the actual experimental
variables (i.e. protein stripe width in μm); and (2) with coded coefficients that are transformed
so the high value of the variable becomes +1 and the low value becomes −1 (i.e. transformation
of the equation such that protein stripe width of 50 μm would equal +1 and protein stripe width
of 10 μm would equal −1). Coded coefficients allowed for comparison across conditions. In
each case tested, the model explained the response well, as the lack of fit was not significant
(p>0.05). Stepwise regression was performed; where the coefficients with the largest p-value
were consecutively deleted until only significant coefficients remained. The coefficients and
contributions before elimination of insignificant variables can be found in supplementary
materials.

Protein pattern dimensions influenced A7 alignment
The width of protein patterning and spacing had significant effects on the alignment of A7s
(Table 3). Interactions between spacing and culture time and interactions between starting
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density and culture time were also significant (Table 3). The following model for A7 alignment
was obtained, with coefficients corresponding to actual factors:

Where A is the space between protein stripes (μm), B is the width of protein stripes (μm), C
is the initial plating density (cells cm−2), and D is the culture time (h). Contour plots based on
this equation are shown in Figure 3. The resulting model suggests that at low starting cell
density and shorter culture time, alignment increased with decreasing stripe width (Figure 3A).
At higher starting density and longer culture time, alignment increased with decreasing space
width (Figure 3D). The contribution of the influence of stripe width on A7 alignment was
stronger than the contribution of space width in the range of conditions tested (contribution of
47.7% for stripe width vs. 14.9% for space width). The interaction terms of AD (9.0%) and
CD (19.6%) also significantly contributed to the model.

Protein stripe pattern, plating density, and culture time influenced terminal density of A7s
The width of protein stripes, starting cell density, and culture time had significant effects on
the terminal density of A7s (Table 4). The interaction between stripe width and plating density
was also significant. The following model for A7 terminal density was obtained, with
coefficients corresponding to actual factors:

Where B is the width of protein stripes (μm), C is the initial plating density (cells cm−2), and
D is the culture time (h). Contour plots based on this equation are shown in Figures 5 and 6.
Final cell density increased as plating density and culture time increased (Figure 5A, D). As
stripe width increased, the final cell density increased (Figure 6A). The influence of plating
density on A7 confluence was stronger than the influence of culture time in the range tested
(contributions of 61.1% for plating density vs. 28.3% for culture time), and both were stronger
than the influence of stripe width (contribution of 4.7%). The interaction terms of BC (2.7%)
and BD (3.2%) also contributed to the model.

Protein pattern dimensions and plating density influenced HUVEC alignment
The width of protein patterning and spacing had significant effects on the alignment of
HUVECs (Table 3). The effect of the starting cell density was also significant. The following
model for HUVEC alignment was obtained, with coefficients corresponding to actual factors:

Where A is the space between protein stripes (μm), B is the width of protein stripes (μm), and
C is the initial plating density (cells cm−2). Contour plots based on this equation are shown in
Figures 3 and 4. The resulting model shows that alignment increased with decreasing protein
stripe width and decreasing spacing independent of the starting density and culture time (Figure
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3B and 3E). Alignment also increased as the starting cell density increased (Figure 4A). The
contribution of the influence of stripe width was stronger than the contribution of space width
to HUVEC alignment in the range tested (contributions of 47.3% for stripe width vs. 32.6%
for space width), and both were stronger than the influence of cell density (20.1%).

Plating density and culture time influenced HUVEC terminal density
Starting cell density and culture time had significant effects on the confluence of HUVECs
(Table 4). The following model for HUVEC terminal density was obtained, with coefficients
corresponding to actual factors:

Where C is the initial plating density (cells cm−2) and D is the culture time (h). Contour plots
based on this equation are shown in Figure 5. Final cell density increased as plating density
and culture time increased (Figure 5B, E). The influence of plating density on HUVEC
confluence was stronger than the influence of culture time in the range tested (contributions
of 57.7% for plating density vs. 42.3% for culture time).

Plating density and culture time influenced SC alignment
Starting cell density and culture time had significant effects on the alignment of SCs (Table
3). The space between protein stripes was also significant. The following model for SC
alignment was obtained, with coefficients corresponding to actual factors:

Where A is the space between protein stripes (μm), C is the initial plating density (cells
cm−2), and D is the culture time (h). Contour plots based on this equation are shown in Figures
3 and 4. The resulting model shows that at low starting cell density and shorter culture time,
alignment increased with increasing space width (Figure 3C). At higher starting density and
longer culture time, alignment increased with decreasing space width (Figure 3F). Alignment
increased with increased starting cell density and culture time (Figure 4B). The contribution
of plating density was stronger than the contributions of culture time (contributions of 42.7%
for plating density vs. 28.1% for culture time), and both were stronger than the contribution of
space width to SC alignment (11.2%). The interaction term AD also contributed (18.0%).

Pattern dimensions, plating density, and culture time influenced SC terminal cell density
All four factors had significant effects on the terminal density of SCs (Table 3). The interaction
between space width and plating density and between stripe width and culture time were also
significant (Table 4). The following model for SC confluence was obtained, with coefficients
corresponding to actual factors:

Where A is the space between protein stripes (μm), B is the width of protein stripes (μm), C
is the initial plating density (cells cm−2), and D is the culture time (h). Contour plots based on
this equation are shown in Figures 5 and 6. Final cell density increased as plating density and
culture time increased (Figure 5C, F). As stripe width increased, the terminal cell density
increased, and as space width increased, cell density decreased (Figure 6B). The influence of
cell density had the strongest influence on SC confluence (contribution of 59.3%). The
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influences of stripe width and culture time in the range tested were weaker (contributions of
10.3% for stripe width and 17.3% for culture time) with the smallest influence coming from
space width (6.4%). The interaction terms of AC and BD also contributed (3.5% for AC and
3.2% for BD).

Contributions of factors varied across cell types
Presentation of coded coefficients allowed us to compare the relative contributions of
experimental parameters to cell responses across cell types. Cellular alignment of all three cell
types was affected by pattern spacing. The contribution of pattern spacing to alignment was
similar for A7s and HUVECs (coded coefficients of −0.031 for A7s and −0.027 for HUVECs),
but reduced by half for SCs (coded coefficient of −0.013). The contribution of stripe width to
the alignment of A7s was greater than that for HUVECs (coded coefficients of −0.057 for A7s
vs. −0.033 for HUVECs). The contribution of plating density to the alignment of HUVECs
and SCs was similar (coded coefficients of 0.018 for HUVECs and 0.022 for SCs).

Monolayer terminal cell density of all three cell types was affected by plating density and
culture time. The contribution of plating density to terminal cell density was smallest for
HUVECs (coded coefficient of 7120), intermediate for SCs (coded coefficient of 15000), and
strongest for A7s (coded coefficient of 20200). The contribution of culture time to the terminal
cell density was weakest for HUVECs (coded coefficient of 5090), intermediate for SCs (coded
coefficient of 6730), and strongest for A7s (coded coefficient of 11200). The contribution of
stripe width to the terminal cell density of SCs was stronger than the contribution to the terminal
cell density of A7s (coded coefficients of 7580 for SCs vs 6880 for A7s).

Optimal conditions for culture of confluent, aligned monolayer varied among cell types
To determine the optimal conditions for confluent and/or aligned monolayers, a series of rules
was applied systematically. To determine the conditions by which confluence would be
achieved for monolayers of each cell type, the following criteria were applied: the space and
stripe width must be between 10 and 50 μm, the starting cell density must be between 17K and
49K cells cm−2, the culture time must be between 24 and 48h for A7s and HUVECs and be
between 48 and 72h for SCs, and the cell density must be between 85–125K cells cm−2 for
A7s, 32–50K cells cm−2 for HUVECs, and 41–69K cells cm−2 for SCs. The required conditions
for each cell type are presented in Table 5.1. For A7 confluence, there were 60 answers with
equal desirability. These combinations can be found in supplementary materials. Space widths
ranged from 17–50 μm, stripe widths ranged from 17–50 μm, plating density ranged from
45,000–49,000 cells cm−2, and culture time ranged from 33–48h. For HUVEC confluence,
there were 80 answers with equal desirability. These combinations can be found in
supplementary materials. Space widths ranged from 10–49 μm, stripe widths ranged from 10–
50 μm, plating density ranged from 29,000–49,000 cells cm−2, and culture time ranged from
27–48h. For SC confluence, there were 80 answers with equal desirability. These combinations
can be found in supplementary materials. Space widths ranged from 10–50 μm, stripe widths
ranged from 10–50 μm, plating density ranged from 17,000–49,000 cells cm−2, and culture
time ranged from 48–72h.

To determine the best alignment under the conditions tested (sub-confluent or confluent), the
same bounds were applied for the factors, no bound was placed on the terminal density, and
the mean vector length had to be maximized. The strongest alignment conditions for each cell
type are presented in Table 5.2. SC optimal alignment (MVL = 0.763 ± 0.014) was notably
higher than A7 optimal alignment (MVL = 0.578 ± 0.035) and HUVEC optimal alignment
(MVL = 0.373± 0.017).
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For optimization of a confluent, aligned monolayer of each cell type, the same rules were
applied for the factors, the mean vector length of nuclear angles had to be maximized, and the
cell number had to be between 85–125K cells cm−2 for A7s, 32–50K cells cm−2 for HUVECs,
and 41–69K cells cm−2 for SCs. The optimal conditions for each cell type are presented in
Table 5.3. Within the bounds applied to the factors, SC optimal alignment (MVL = 0.759 ±
0.014) was higher than A7 optimal alignment (MVL = 0.498 ± 0.046) and HUVEC optimal
alignment (MVL = 0.373 ± 0.017). Alignment at confluence for HUVECs and SCs did not
vary from alignment at any terminal density.

Monolayers of all three cell types were cultured under these conditions (Figure 2, 7). A7
alignment (MVL = 0.477) and confluence (87K cells cm−2) were in the range of the predicted
results (0.498 ±0.046 and 85,000±7,531). HUVEC alignment (MVL = 0.430) and confluence
(48K cells cm−2) were higher than the predicted results (0.373±0.017 and 32,000±2,180). SC
alignment (MVL = 0.720) was lower than the predicted result (0.759±0.014), while the
confluence (67K cell cm−2) was in the range of the predicted result(69,000±5,632).

Cellular dynamics underlying alignment varied among cell types
Time lapse microscopy under optimal conditions for each cell type revealed further differences
in cellular alignment among the cell types. Timelapse movies can be found in supplementary
materials. At one hour after plating, A7s had just begun to adhere to the substrate (Figure 8A)
while SCs had adhered and a few cells had begun to orient in the direction of the pattern (Figure
8C). The SCs initially appeared to be aligning along the boundaries of the stripes as they were
in single file lines that were spaced 50 μm apart. By one hour, most of the HUVECs had adhered
and elongated in the direction of the pattern, over the width of the stripe (Figure 8B). By four
hours, SCs and HUVECs had similar elongation and confluence (Figure 8F and 8E), but
elongation of A7s had just begun (Figure 8D). While most of the HUVECs and SCs at these
time points appeared to move only parallel to the direction of the pattern, there were a number
of astrocytes that moved in other directions, even perpendicular to the pattern and crossing
several stripes. SCs rarely crossed over more than one stripe, and HUVECs remained confined
to the 10 μm stripes. Between 4h and 10h, little change in alignment or confluence was seen
in any of the cell types (Figure 8G–I), but the cells remained motile, moving mostly parallel
to the pattern direction. HUVEC cell bodies were no longer as confined to the 10 μm stripes
with their cell bodies broadened into the spaces between stripes. Between 10h and 24h, there
was marked proliferation of all three cell types (Figure 8J–L). By 24h, A7s were 75% confluent,
SCs were 90% confluent, and HUVECs were 95% confluent. At 48h, the cultures were
confluent and remained aligned in the direction of the underlying protein pattern (Figure 8M–
O).

DISCUSSION
The central goal of this study was to generate confluent and aligned monolayers of support
cells for studying neuron guidance. A broader goal of the study was to demonstrate the utility
of DOE and RSM in cellular bioengineering experiments. Toward this end, the influence of
protein patterning and culture parameters on cellular confluence and alignment were
statistically modeled and analyzed quantitatively, and optimal conditions were determined
from these models for each cell type. Confluent and aligned monolayers of A7s, HUVECs,
and SCs were achieved through culture on micropatterned proteins, and the predicted optimal
conditions by which these monolayers can be achieved varied among the cell types tested.

Design of Experiments
Statistical experimental design was applied to improve the experimental efficiency of modeling
confluence and alignment of these cell types. DOE has been demonstrated to be efficient and
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satisfactory for the acquisition of information to correlate independent factors with response
in formulation composition and/or manufacturing processing parameters 31, 32. For RSM
analysis, experimental factors are modeled as a continuous function to approximate the optima
of individual or multiple responses. Contour plots are often used to represent the response to
two variables. Points on these plots are generated from a number of experimental trials and
intermediate values between them are determined by mathematical interpolation. Results that
can be analyzed by RSM can be designed D-optimally. The reasons for using optimal design
instead of standard classical design, i.e the simplex design, are that standard factorial designs
require numbers of runs that are prohibitively large for reasonable allocation of resources and
time, and/or the design space is constrained i.e. the process space contains factor settings that
are not feasible or are impossible to run 52. A D-optimal design is generated by an iterative
search algorithm and seeks to minimize the covariance of the parameter estimates for a
specified model. This is equivalent to maximizing the determinant D = |XTX|, where X is the
design matrix of model terms (the columns i.e. space width, stripe width, etc.) evaluated at
specific treatments in the design space (the rows i.e. 10 μm, 20 μm, etc.). When the responses
of interest are expressed in a model as a continuous function of the factors involved, the model
could reveal, graphically and mathematically, regions of desirable formulation compositions
that satisfy the criteria imposed by the experimenter 52.

A7s and SCs were chosen for modeling and generation of anisotropic cultures because while
it has been well recognized that the different chemical cues presented by SCs and astrocytes
after injury contribute to the varied capacities for regeneration in the PNS and CNS, the
contributions of the physical features of these distinct glia to the promotion of axon regrowth
and guidance have not been studied together. We were also interested in determining if
guidance by anisotropic tissues was limited to the features of glial cells, so HUVEC was chosen
for characterization as a non-glial cell type. Astrocytes, ECs, and SCs have been cultured to
aligned confluence previously, but not under similar conditions so that their influence on
neuron growth can be compared in the same experiments. Generation of confluent layers is
important so that the influence of the cellular cue can be evaluated. Micropatterning was chosen
as a common alignment method since previous work with SCs and ECs has shown it effective,
and because of its ease and flexibility 53. Protein stripe and space width were varied at 10 um
intervals from 10–50 um as these dimensions are on the scale of cellular dimensions and are
in the range of dimensions that have been employed to align these and other cell types in our
lab as well as other labs. Cell plating density was chosen as the number of cells that would be
required to cover half of the substrate for each cell type. Culture time was chosen based on
pilot experiments where it was qualitatively determined that the cells had reached confluence.

In order to study these cell types as anisotropic substrates, we were interested in achieving
cultures that were both aligned and confluent. Circular statistical analysis and mean vector
length of nuclear angles were chosen to measure alignment because circular orientation data
such as alignment is better described by a resultant vector rather than an arithmetic mean 54

and the mean vector length corresponds to the clustering of the angles of the nuclei 51. Changes
in cellular shape have been shown to affect the shape of the nucleus 30, 55, and previous work
has shown that the angle of the major axis of the nucleus is an effective measure of cellular
orientation 48, 56. Other studies have utilized the nuclear form factor (NFF) as a measure of
cellular alignment 13. Because compared alignment across cell types, this method was not used
as nuclear shape of the three cell types varied.

Contributions of Factors and Interpretation of Responses
Our models and analysis of cellular alignment and confluence revealed different contributions
of factors among the cell types tested (Table 6). SCs had the highest degree of alignment of
the cell types, and plating density had the largest contribution to both their alignment and their
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confluence. Culture time and space width each contributed to SC alignment and confluence as
well. Our multi-factorial approach also revealed that the effect of space width changed when
influenced by other factors; for short cultures, increased space width increased alignment, but
for longer cultures, increased space width decreased alignment. As the aligned SC monolayers
were forming, SCs showed a high capacity for alignment to protein patterns. The size of protein
stripe was not a significant factor to SC alignment as SCs initially aligned to stripe borders and
demonstrated a high affinity for alignment to each other as they filled in. The optimal conditions
for SC alignment at confluence were the largest stripe width tested (50 μm), the smallest space
width tested (10 μm), the highest plating density tested (49Kcells cm−2), and the shortest culture
time tested (48h).

HUVECs had the lowest alignment of the cell types tested. The most important factor in
achieving anisotropic HUVEC monolayers was plating density as it was the strongest
contributing factor to confluence of HUVECs and also played a role in alignment. Stripe width
was also an important factor for HUVEC alignment, as the cells’ initial confinement to small
stripes was imperative for achieving aligned monolayers. The optimal conditions for HUVEC
alignment and confluence were small stripe and space width (10 μm) and high cell density
(49K cells cm−2) and culture time (48h).

A7s’ alignment was intermediate between the HUVECs and the SCs. The most important factor
in achieving confluent, aligned monolayers of A7s was protein stripe width as it was the
strongest contributing factor to mean vector length and also significantly influenced terminal
cell density. Our multi-factorial approach revealed several interesting interactions of factors
that influenced this cell type. At low starting cell density and shorter culture time, alignment
increased with decreasing stripe width, whereas at higher starting density and longer culture
time, alignment increased with decreasing space width. Space width played an important role
at longer culture times, suggesting that the way cells fill in the spaces is critical for the
maintenance of alignment at confluence. The optimal conditions for confluent, aligned A7s
were the largest stripe width tested (50 μm), space width of approximately the width of A7s
(17 μm), and high plating density (49Kcells cm−2), and culture time(48h).

Potential Mechanisms of Aligned Monolayer Formation
With our combinatorial approach, we observed and analyzed the complexity of cellular
interactions with micropatterned materials under a range of conditions; taking these
observations together points toward possible mechanisms that underlie the formation of
confluent, aligned monolayers of cells. SCs achieved their highly aligned monolayers by
aligning first to the protein stripe edges, then proliferating and aligning to each other. Thus
initial plating density strongly affected SC alignment and confluence. Increased width of the
protein stripes increased terminal cell density by providing larger areas of adhesive substrate
for initial adhesion and proliferation, but was in consequential for alignment in these studies.
Further, when space widths between the protein stripes were on the order of the size of a single
SC, cells could fill in and align within the spaces more efficiently and overall alignment was
enhanced.

The relatively low alignment of HUVECs achieved in this study may indicate a lower capacity
for alignment to protein tracks by these cells, or may suggest that the optimal conditions for
aligning HUVECs were outside the range tested. For example, timelapse microscopy revealed
that HUVECs aligned to stripes much earlier than A7s and SCs, so their optimal alignment
may be achieved at an earlier timepoint than those studied here. While SCs initially aligned to
the edges of stripes, optimally aligned HUVECs adhered and aligned onto the entire 10μm
wide stripes and initially remained confined to the stripes. HUVECs then broadened by 24h to
fill the spaces between the stripes.
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The intermediately aligned A7 cultures exhibited the widest range of responses among the cell
types to the range of factors tested, and had clear optimal conditions for achieving aligned,
confluent monolayers. A7s adhered and aligned to the 50μm protein stripes, then filled in the
20 μm spaces between the stripes, taking the longest time of the three cell types to adhere and
spread. Steric hindrance and/or cell-cell interactions likely allowed the A7s to fill in most
effectively when the spaces were on the scale of cellular size. A7s differed from SCs and
HUVECs in their dynamics, with a number of A7s moving in directions non-parallel to the
protein patterns, most likely because they were larger than 20μm and could interact with more
than one stripe at a time. Of note, A7s were the most closely packed together cell type at
confluence, and required the highest plating density and the longest time in culture to achieve
their confluence.

Our study of the generation of anisotropic monolayers of three cell types revealed general
trends of importance across cell types. The spacing of the protein patterning was the most
important. When cells initially adhered and aligned at borders and proliferated to fill in spaces
(A7s or SCs), space between the protein stripes was most effective when it was on the order
of cell width (20 μm for A7s and 10 μm for SCs). When cells adhered and aligned over the
width of a stripe and broadened to fill spaces (HUVECs), space width about half the size of
the cell was most effective. Some cell types appeared to have an aligned morphology that was
not dependent on stripe width (A7s and SCs), but the aligned shape of other cells was strongly
influenced by the pattern on which they were aligned (HUVECs). Maximizing the area of
adhesive molecule coverage was also important for confluence unless cells were large enough
to broaden to fill spaces between the stripes. Taken together, these results suggest that if the
mechanism of alignment is predetermined and the cell size determined, the optimal size of the
micropatterning for aligned monolayers of other cell types can be predicted.

Comparisons to Single Factor Approaches
Several of these culture parameters have also been studied previously, but typically in one-at-
a-time approaches. Vartanian et al. studied the effect of culture time on baboon carotid artery
ECs plated at 50,000 cells cm−2 on 25 μm collagen I stripes with 100 μm spaces and found
that alignment increased from 0 to 24h, but was not changed between 24 and 48h 14. While
culture time was not a significant contributing factor to HUVEC alignment in the present study,
our choice of FN may have provided a stronger molecule for alignment of these cells. Feinberg
et al. also studied the effect of pattern dimension on the alignment of primary porcine vascular
ECs and found that while ECs did not align to 5 μm stripes of FN with 5 μm spaces, they did
align to 50 μm stripes and spaces 13. The smaller stripe and space sizes may have been too
small to be detected by ECs which are larger than 5 μm. In comparison, HUVECs aligned to
stripes tested in our study, where the smallest features tested were larger than this threshold.
Wu et al. studied the effect of FN stripe width on the alignment of HUVECs and found a similar
trend to our results; as width decreased from 60 to 15 μm, alignment increased15. They also
found that cell area decreased, the length of the short axis of the cell decreased, and apoptosis
increased. While we did not test for apoptosis directly, HUVECs were plated at confluence for
many of our conditions, and it was clear from timelapse microscopy that not all of the cells
survived. Similar to the Wu study, our cells were also qualitatively less broad on micropatterns
than on flat substrates.

Schmalenberg and Uhrich studied the effects of pattern dimensions and culture time on SC
alignment and found that there was no difference in the alignment of SCs plated at 100K
cellscm−2 at 4h and at confluence and that pattern spacing of 40 μm did not direct alignment
as well as spacing of 20 and 30 μm 26. This trend also agrees with our finding that decreased
space width increases alignment at confluence. Thompson and Buettner also studied the effects
of pattern dimension, plating density, and culture time on SC alignment, but not in a multi-
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factorial approach. They employed micropatterns with LN stripe width ranging from 20–30
μm and space width ranging from 2–20 μm and found no significant effect on the degree of
orientation 25. Our study supports these findings as we also showed that stripe width was not
a significantly contributing factor to SC alignment. Our study also extends this work since by
testing a wider range of space widths we were able to determine an optimal space width (10
μm). They found that seeding density had no effect on alignment at 6 and 24 h 24, while in
longer cultures, alignment dipped at 48h but increased by 120h 25. Of note, though our starting
densities were higher, we also found that 48h was our optimal culture time for SC alignment.
With time lapse microscopy, Thompson and Buettner found that most SC elongation occurred
in the first 12h of culture, and cells were motile throughout the experiment, continuing to move
up and down the pattern even after they were completely aligned. Crossing to neighboring
stripes was also noted, although crossing behavior diminished following alignment. Our
timelapse results for SCs were similar despite the differences in plating densities.

Versatility of Response Surface Methodology
RSM of confluence and alignment of the three cell types also allows the possibility for the
alignment and/or terminal cell density of the cell types investigated to be matched. To
determine the conditions by which cultures could be generated in which the three cell types
have similar alignments, the same input parameters were applied, but rather than maximizing
the mean vector for each cell type, the mean vector length was set to 0.373, the optimal value
for HUVECs. The predicted conditions are shown in Table 5.4. The optimal HUVEC value is
outside of the range of possible SC values predicted by the model in the range of conditions
tested. Minimization of the alignment of SCs in the range of conditions tested toward matching
the optimal alignment of the HUVECs predicts a mean vector length of 0.659 ± 0.011. Of note,
because SCs align more strongly than HUVECs to the tested micropatterns, matching mean
vector lengths cannot be achieved in this range of conditions.

This model can also be used to predict the alignment and confluence of cells cultured outside
the range of the conditions tested. For example the bounds can be expanded such that the space
and stripe width must be between 1 and 100 μm, the starting cell density must be between 0K
and 100K cells cm−2, the culture time must be between 0 and 72h for A7s and HUVECs and
be between 0 and 96h for SCs, the mean vector length of nuclear angles must be maximized,
and the cell number must be between 85–125K cells cm−2 for A7s, 32–50K cells cm−2 for
HUVECs, and 41–69K cells cm−2 for SCs. The predictions under these conditions are presented
in Table 5.5. For A7 and SC, there were multiple answers with equal desirability. These
combinations can be found in supplementary materials.

Conclusion
In conclusion, the formation of aligned monolayers of three cell types was optimized by
response surface methodology as a first step toward generation of anisotropic tissues and
biomimetic substrates for the study of nerve guidance. A strength of biomedical engineering
approaches is the combination of design and problem-solving techniques of engineers with the
multifaceted experiments of biological sciences. The problem-solving power of DOE and RSM
tools has been well recognized in chemical and pharmaceutical engineering; here we have
demonstrated the benefits of applying these powerful tools to biomedical engineering areas
such as tissue engineering and biomaterials. Current approaches to biological problems that
require large number of variables can suffer from the expense of large amounts of time and
resources, ignore interactions between inputs, and importantly, are not always well equipped
to determine the relative contributions of inputs. The approaches utilized in this study offer a
more efficient, economical, informative, and rigorous way to probe cellular responses to
various and multiple factors. Finally, this study has also provided insights into the general
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mechanisms of cellular adhesion, alignment, and monolayer formation–key events that
underlie the development of cell-and biomaterial-based therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cell density at confluence varied among A7s, HUVECs, and SCs
(A) Graph of the cell density of A7s, HUVECs, and SCs grown to confluence and counted
(n=3). Phase contrast micrographs of A7s (B), HUVECs (C), and SCs (D) at confluence. *
Indicates difference from other cell types with p<0.05. Scale bar, 200 μm.
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Figure 2. Cellular alignment on micropatterned substrates was clustered in the direction of the
micropatterns
Circular histograms of A7s (A,D), HUVECs (B,E), and SCs (C,F) plated at 49K cm−2 and
cultured for 48h on optimal protein micropatterned substrates (A–C) or on uniformly protein
coated substrates (D–F). * Indicates difference from a uniform distribution with p<0.05 by
Rao’s spacing test.
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Figure 3. Micropattern dimensions affected alignment of cells
Contour graphs showing the effects of protein stripe and space width on mean vector length
when plated at 17K cells cm−2 for 24h (48h for SCs) (A–C) or plated at 49K cells cm−2 for
48h (72h for SCs) (D–F). Experimental conditions were determined and analyzed with Design
Expert 7 software. An ANOVA model of mean vector length was calculated and graphed for
A7s (A,D), HUVECs (B, E), and SCs (C, F). Mean vector magnitudes are indicated by contour
lines and colorimetric scale, blue-red, 0.20–0.75. Design points carried out experimentally are
indicated with red dots.
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Figure 4. Plating density affected alignment of HUVECs and SCs
Contour graphs showing the effects of plating density and culture time on mean vector length
when plated on micropatterns with 30 μm protein stripe and space width. Experimental
conditions were determined and analyzed with Design Expert 7 software. An ANOVA model
of mean vector length was calculated and graphed for HUVECs (A), and SCs (B). Mean vector
magnitudes are indicated by contour lines and colorimetric scale, blue-red, 0.20–0.75. Design
points carried out experimentally are indicated with red dots.
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Figure 5. Plating density and culture time affected terminal density of cells
Contour graphs showing the effects of protein stripe and space width on cell number when
plated on micropatterns with 10 μm protein stripe and space width (A–C) or micropatterns with
50 μm protein stripe and space width (D–F). Experimental conditions were determined and
analyzed with Design Expert 7 software. An ANOVA model of final cell number was
calculated and graphed for A7s (A,D), HUVECs (B, E), and SCs (C, F). Cell number
magnitudes are indicated by contour lines and colorimetric scale, blue-red, 5K–105K cells
cm−2. Design points carried out experimentally are indicated with red dots.
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Figure 6. Protein stripe width affected the confluence of A7s and SCs
Contour graphs showing the effect of protein stripe and space width on cell number when plated
at 33K/cm2 for 36h for A7s (A) and 60h for SCs (B). Experimental conditions were determined
and analyzed with Design Expert 7 software. An ANOVA model of cell number was calculated
and graphed for A7s (A) and SCs (B). Cell number magnitudes are indicated by contour lines
and colormetric scale, blue-red, 5K–105K cells cm−2. Design points carried out experimentally
are indicated with red dots.
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Figure 7. Experimental runs supported model predictions
Phase contrast (A–C) and epifluorescent images (D–I) of A7s plated at 49K cells cm−2 for 48h
on LN stripes of 50 μm with 20 μm spaces (A, D, G), HUVECs plated at 49K cells cm−2 for
48h on FN stripes of 10μm with 10 μm spaces (B, E, H), and SCs plated at 49K cells cm−2 for
48h on LN stripes of 50 μm with 10 μm spaces(C, F, I). Cultures were stained with DAPI (D–
F), with anti-LN (G,I) or anti-FN (H). Scale bar, 200 μm.
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Figure 8. Timelapse microscopy of aligned monolayer generation revealed differences among cells
types
Phase contrast images obtained by timelapse microscopy of A7s plated at 49K cells cm−2 after
1h (A), 4h (D), 10h (G), 24h (J), and 48h (M) on LN stripes of 50 μm with 20 μm spaces,
HUVECs plated at 49K cells/cm2 after 1h (B), 4h (E), 10h (H), 24h (K), and 48h (N) on FN
stripes of 10μm with 10 μm spaces, and SCs plated at 49K cells/cm2 after 1h (C), 4h (F), 10h
(I), 24h (L), and 48h (O) on LN stripes of 50 μm with 10 μm spaces. Arrows indicate cells
beginning elongation along micropattern. Arrow heads indicate cells moving in directions
different from the pattern. Scale bar, 100 μm.
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Table 1
Factors investigated for effects on cell alignment and confluence

Factor Low Value High Value

A-space width 10 μm 50 μm

B-stripe width 10 μm 50 μm

C-plating density 17K cells cm−2 49K cells cm−2

D-culture time 24h (48h for SCs) 48h (72h for SCs)
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Table 2
Responses recorded in 118 experimental runs for each cell types

Response Low Value High Value Average

A7

mean vector length 0.095 0.693 0.443

terminal cell density 7,979 cells cm−2 106,252 cells cm−2 45,395 cells cm−2

HUVEC

mean vector length 0.127 0.418 0.282

terminal cell density 4,663 cells cm−2 54,974 cells cm−2 26,776 cells cm−2

SC

mean vector length 0.532 0.806 0.705

terminal cell density 15,310 cells cm−2 100,933 cells cm−2 50,771 cells cm−2
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Table 5
Numerical optimizations of culture conditions with Design Expert

Factor Input Bounds Model Output

A7 HUVEC SC

5.1 CONFLUENT

space width 10–50 μm 17–50 μm 10–49 μm 10–50 μm

stripe width 10–50 μm 17–50 μm 10–50 μm 10–50 μm

plating density 17–49K cm −2 45–49K cm−2 29–49K cm−2 17K–49K cm−2

culture time 24–48h
48–72h (SC)

33–48h 27–48h 48–72h

terminal density 85–125K cm−2 (A7)
32–50K cm−2 (HUVEC)

41–69K cm−2 (SC)

85–96K cm−2 32–41K cm−2 41–68K cm−2

Desirability 1.000 (60 answers) 1.000 (80 answers) 1.000 (80 answers)

5.2 OPTIMAL ALIGNMENT

space width 10–50μm 10 μm 10 μm 10 μm

stripe width 10–50 μm 10 μm 10 μm 50 μm

plating density 17–49K cm−2 17K cm−2 49K cm−2 49K cm−2

culture time 24–48h
48–72h (SC)

24h 48h 48h

mean vector length maximize 0.578 ± 0.035 0.373 ± 0.017 0.763 ± 0.014

desirability 0.808 0.752 0.844

5.3 OPTIMAL ALIGNMENT AT CONFLUENCE (IN RANGE OF EXPERIMENTS)

space width 10–50 μm 16 μm 10 μm 10 μm

stripe width 10–50 μm 50 μm 10 μm 49 μm

plating density 17–49K cm−2 49K cm−2 49K cm−2 46K cm−2

culture time 24–48h
48–72h (SC)

48h 48h 48h

mean vector length maximize 0.498 ± 0.046 0.373 ± 0.017 0.759 ± 0.014

terminal density 85–125K cm−2 (A7)
32–50K cm −2 (HUVEC)

41–69K cm−2 (SC)

85K ± 8K cm−2 32K ± 2K cm−2 69K ± 6K cm−2

desirability 0.674 0.752 0.829

5.4 MATCHED ALIGNMENT AT CONFLUENCE

space width 10–50 μm 50 μm 10 μm 50 μm

stripe width 10–50 μm 50 μm 10 μm 28 μm

plating density 17–49K cm−2 49K cm−2 49K cm−2 17K cm−2

culture time 24–48h
48–72h (SC)

31h 48h 72h

mean vector length 0.373
minimize (SC)

0.376 ± 0.036 0.373 ± 0.017 0.659 ± 0.011

terminal density 85–125K cm−2 (A7)
32–50K cm−2 (HUVEC)

41–69K cm−2 (SC)

85K ± 6K cm−2 32K ± 2K cm−2 41K ± 3K cm−2

Desirability 1.000 0.752 0.533
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Factor Input Bounds Model Output

A7 HUVEC SC

5.5 OPTIMAL ALIGNMENT AT CONFLUENCE (LARGER RANGE)

space width 1–100 μm 1–31 μm 1 μm 1–84 μm

stripe width 1–100 μm 1–100 μm 1 μm 1–98 μm

plating density 0–100K cm−2 50–81K cm−2 100K cm−2 45–68K cm−2

culture time 0–72h
0–96h (SC)

58–72h 18h <1–36h

mean vector length maximize 0.693–0.784 0.435 ± 0.037 0.806–0.863

terminal density 85–125K cm−2 (A7)
32–50K cm−2 (HUVEC)

41–69K cm−2 (SC)

95–125K cm−2 50K ± 5K cm−2 42–68K cm−2

Desirability 1.000 (75 answers) 0.941 1.000 (77 answers)
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Table 6
Summary of key findings

A7 HUVEC SC

Most important factor
for aligned monolayer:

Protein stripe width Cell density Cell density

Other key factors: Protein space width
Cell density
Culture time

Protein stripe width Culture time
Protein space width

How well optimized:
(MVL)

0.498 model
0.443 experimental

0.373 model*

0.418 experimental*
0.759 model
0.705 experimental

Suggested mechanism: 1 Align to stripes.

2 Fill spaces between
stripes by proliferating.

1 Align to entire
stripes.

2 Fill spaces between
stripes by broading
to fill spaces.

1 Align to stripe edges.

2 Fill spaces between stripes
by proliferating and
aligning to each other.

*
Note: optimal conditions may be outside range tested.
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