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Abstract: The colonization of biodegradable polymer scaf-
folds with cell populations has been established as the foun-
dation for the engineering of a number of tissues, including
cartilage, liver, and bone. Within these scaffolds, the cells
encounter a porous environment in which they must mi-
grate across the convoluted polymer surface to generate a
homogenous cell distribution. Predicting the interactions be-
tween cells and pores is important if scaffold characteristics
are to be optimized. Therefore, we investigated the behavior
of two model cell types over a range of defined pore fea-
tures. These pore features range from 5 to 90 �m in diameter
and have been fabricated by photolithographic techniques.
Quantitatively, the behavior of the cells is dependent on

three factors: 1) percentage cell coverage of the surface; 2)
pore size; and 3) cell type. Fibroblast cells displayed a co-
operative pattern of cell spreading in which pores with di-
ameters greater than the cell dimensions were bridged by
groups of cells using their neighbors as supports. Endothe-
lial cells were unable to use neighbors as support structures
and failed to bridge pores greater than the cell diameter.
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INTRODUCTION

The use of biodegradable polymer scaffolds as tem-
plates for tissue engineering has been described for a
number of tissue types, including cartilage, liver, and
nervous tissue.1–4 Within these scaffolds, the seeded
cells encounter a high surface area formed by the poly-
mer. This surface is convoluted to form a three-
dimensional structure containing many pores.5–8 The
success of the tissue engineering is dependent on the
migration of cells through this porous environment
and the maintenance of nutrient diffusion throughout
the scaffold after cell colonization. Ideally, after seed-
ing, the cell population should be able to migrate
through the scaffold and some pores should remain
open to allow nutrient diffusion as the tissue forms.

To study the effect of pore diameter on cell migra-
tion and morphology, we used nanofabrication to
form surfaces with defined porosities, enabling the

study of cell behavior over these defined topographi-
cal features. Two cell types have been chosen for these
studies: 3T3 fibroblasts and bovine aortic endothelial
cells. Cell type choice was made as a result of the
different behavior of these cells during tissue forma-
tion in vivo. Fibroblasts tend to fill spaces within tis-
sues and form extracellular matrix, whereas endothe-
lial cells form into tubular architectures in which the
integrity of a central lumen is essential to blood vessel
function.

It has been widely reported that a change in surface
topography can influence cell behavior substantially.
Micron-scale roughness has been shown to modify
cellular responses in cell culture and to modify bio-
compatibility and tissue attachment significantly.9

Cell spreading and cell shape, and their effects on cell
growth and cell function, have also been shown to be
dependent on surface morphology.10,11 One theory is
that topography affects cell behavior by altering the
ability of the extra-cellular matrix (ECM) to absorb to
the surface.9,12 Topographical features have been
shown to orient cells in a phenomenon known as
“contact guidance”.12–19 It has been suggested that fea-
tures that involve a change in the direction from one
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surface configuration into another as produced by
hills, pits, grooves, or edges extending out into the
main plane or an edge where two planes meet may be
seen as discontinuities.9 Cells attach to a surface by a
number of contacts, including podosomes, point con-
tacts, and focal contacts.12 These focal adhesions con-
sist of a cluster of ECM-bound integrins that act as a
membrane attachment for the actin fibrils inside a
cell.20,21 There is a great deal of evidence to suggest
that there is a concentration of these focal adhesion
points at discontinuities.14,17,22,23 Intracellular proteins
involved in the focal adhesions crosslink the actin mi-
crofilaments, whose structure determines cell shape
maintenance.9 Integrins link the external ECM to the
intracellular actin cytoskeleton, and it is the presence
of the concentrated actin at the discontinuities as de-
tected by phalloidin staining that confirms the theory
of focal adhesion points being formed at discontinu-
ities.9,13,17,20–23

There are a number of factors involved in the be-
havior of cells over topographical features.16 Cell den-
sity has been shown to have a significant role in the
behavior of cells over a defined surface. When BHK
(fibroblastic) cells were compared directly to MDCK
(epithelial) cells, MDCK cells in co-culture were often
unaffected by topographical features that would
strongly orientate single MDCK and BHK cells.23

Where topographical features are on the nanometre
scale, cell-cell interactions have in fact been found to
be the more dominant factor in determining cell guid-
ance.15 There are also clear differences in behavior be-
tween different cell types.16,17 This may be attributed
to different amounts of actin monomer available in
different cell types. A cell with less actin monomer
will use the majority of this in forming a polymer once

in contact with a discontinuity, thus reducing further
movement or spreading of the cell and limiting its
movement to around the discontinuity.23 Some cell
types may display co-operative behavior with topo-
graphical features. This has been demonstrated when
cells migrating along fibers attached to other cells to
form “sail sheets” to get from one topographical fea-
ture to another where the depth was too great.23

MATERIALS AND METHODS

Silicon nitride template manufacture

Porous silicon nitride membranes were manufactured us-
ing a multistage process (Fig. 1). Double-sided polished sili-
con wafers 300-microns thick were cleaned and coated with
low-stress silicon nitride using low-pressure chemical vapor
deposition. The surface topography design was written to an
electron beam pattern generator (Ebeam) and then trans-
ferred to two chrome masks to define the back-etch mask
and the pore size and layout. Silicon wafers coated on both
sides with silicon nitride were dehydrated at 150°C for 30
min. On cooling, these were coated with hexamethyldisili-
zane as an adhesion promoter. The back-etching of the wafer
was achieved as follows. One side of the wafer was spin
coated with 250 �L of photoresist (AZ5214E) for 60 s at 3000
rpm. After a solvent bake at 100°C for 90 s, the wafer was
exposed to UV light from a mercury vapor lamp. The expo-
sure energy was 100 mJcm−2. The exposed resist was devel-
oped in a 4:1 mixture of de-ionized water: AZ-400K devel-
oper, rinsed with de-ionized water and then spun dry with
a nitrogen purge. The substrate was then hard-baked for 30
min at 120°C. An oxygen plasma descum was used to re-

Figure 1. Schematic of pore template manufacture.
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move organic residues from the exposed nitride surface. The
oxygen plasma was achieved with a flow rate of 35 standard
cubic centimetres (SCCM) of electronic grade oxygen, a pro-
cess pressure of 200 mTorr, and a radio frequency plasma
power of 100 watts at 13.65 MHz for a duration of 0.7 min.
Reactive ion etching of the silicon nitride was performed in
a fluorine-based plasma. The process conditions were 35
SCCM of CHF3, 5 SCCM of O2 at a pressure of 100 mTorr,
and power of 150 watts for 15 min. An oxygen plasma resist
strip at 35 SCCM O2 (200 millitores, 100 watts) for 15 min
ensured that surface chemistry and topography would be
the same and this was confirmed by a Tencor P2 long scan
profiler. After cleaning and drying in nitrogen, the substrate
was back etched using 45% potassium hydroxide (KOH) in
de-ionized water. To etch the pores onto the silicon nitride
wafer, the back-etched substrates were coated with a hexa-
methyldisilizane adhesion promoter at 150°C and then
coated with photoresist (AZ5214E). The substrate was then
exposed to UV light under the mask with the pore designs.
Reactive ion etching and plasma cleaning were performed
under identical conditions, but on the other side of the wa-
fer. Once the pores were defined the wafer was cleaned
using a photoresist stripper (1-amino-propan-2-ol, AZ-100
remover), rinsed in deionised water, and then dried.

Cell culture

3T3 fibroblasts (ATCC) and bovine aortic endothelial cells
(ECACC) were cultured in DMEM supplemented with 10%
fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, 100
�g/mL streptomycin and 0.25 �g/mL amphotericin B. Cell
cultures were incubated at 37°C in a 5% CO2-enriched at-
mosphere. Silicon nitride substrates were coated for 24 h
with 10 mg/mL fibronectin dissolved in de-ionized water.
Substrates were washed three times with de-ionized water

before seeding with cells. A cell seeding density of 7000
cells/cm2 was used in all studies.

For phalloidin staining of cytoplasmic actin filaments.
Cells were fixed in 2% glutaraldehyde for 24 h, washed with
phosphate buffered saline. 0.1% Triton-X was added for 10
min, removed and washed. Phalloidin (250 �g/mL) in phos-
phate-buffered saline was then incubated with cells for 30
min. The samples were washed several times in phosphate-
buffered saline.

Microscopy and time-lapse studies

Phase contrast images were taken on an optical micro-
scope (Leica DMIRB) attached to a Leica Q500 IW using a
colour video camera (JVC TK-C1380). Time-lapse studies
were captured on the optical microscope in an environmen-
tal chamber (Leica) at 37.1°C (Solent Scientific Incubator
Temperature) in a 5% CO2-enriched environment (Linkam
CO 102). Images were taken every 10 min over 24- to 48-h
periods. Cell coverage calculations were made using Leica
Qwin Software.

Quantification

Each set of pores, of a defined size, are set in an 8 by 8
array in a window of 3.2 mm by 3.2 mm. Each pore was
separated by 320 �m in both the x- and y-axis. Measure-
ments were taken on every pore within a window at set
intervals of 4, 24, 48, and 72 h. Further measurements were
made every 24 h as necessary. Statistical analysis of the cell
behavior was calculated using one-way analysis of variance
(ANOVA) with a Tukey post-test for the purposes of com-
paring pairs of group means, from data at each time point.

Figure 2. Bar graph showing percentage pore coverage with endothelial cells over a 120-h period.
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Figure 3. Bar graph showing percentage pore coverage with 3T3 fibroblasts over a 72-h period.

Figure 4. Fibroblasts displaying co-operative behavior at confluence to cross a 100-�m pore over a 6-h period. (A) 0 h; (B)
2.5 h; (C) 5.0 h; (D) 6 h.
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RESULTS AND DISCUSSION

Endothelial cells

The endothelial cell population reached maximum
cell coverage of the silicon substrate after 120 h of
culturing on the samples. As shown in Figure 2, the
endothelial cells did not cover any part of a pore of 80
or 90 �m in diameter at any time point. Even at the
120-h point, when the rest of surface was essentially
entirely covered, the 80- and 90-�m pores were en-
tirely uncovered.

As the pore diameter was decreased from 60 to 30
�m, the number of pores that were partially or com-
pletely covered by an endothelial cell increased. Con-
sidering the 30-�m pores, the probability that a pore
was covered or partially covered was related directly
to the total pore coverage (p > 0.05; Fig. 2). In com-
parison, the extent of pore coverage for 40-, 50-, and
60-�m pore diameters was lower than the overall sub-
strate cell coverage (p < 0.05). At pore diameters of less
than 30 �m, the endothelial cells were able to cover the
pores to the same extent as the rest of the silicon sub-
strate (p > 0.05).

Overall, it can be concluded that for endothelial cells
on this substrate, the cells cannot cover pores of 80 �m or
more diameter, they are unaffected by pores of 30 �m or
less, and that a linear relationship exists between cell
coverage and pore size between 30 �m and 80 �m.

3T3 fibroblasts

This cell type displayed a more complex pattern of
interaction with the pores than the endothelial cells.
The results for 3T3 fibroblasts/pore interactions are
shown in Figure 3. Here, the fibroblasts reached maxi-
mum cell coverage of the silicon substrate after 72 h of
culture. The percentage of pores covered at 48 h in
comparison to the percentage of pores covered at 72 h
was considered extremely significant (p < 0.001). Up to
and including the time point at 48 h, the fibroblasts
were unable to cover or partially cover the 80- and 90-
�m pores. However, at 72 h, between 20 and 30% of
these larger pores became covered. Beyond 72 h, all
pores were covered by the confluent fibroblasts.

For the other pores sizes, any trend in fibroblast
coverage is less apparent, in comparison with the en-
dothelial cells, and fibroblast coverage was found to
be more variable. However, in general, fibroblasts
were able to cover pores of 50 �m and less.

Given the fact that the spread 3T3 fibroblasts (20 to
50 �m diameter) are significantly smaller than the en-
dothelial cells (60 to 200 �m diameter), the ability of
the smaller cell type to cover larger pores indicates a
difference in the nature of interaction between the two
cell types and pores. The mechanism by which fibro-
blasts can bridge the large pores is shown in Figure 4,
where time-lapse images show confluent 3T3 fibro-

Figure 5. Phalloidin stained images with analysis of cross-section to show cytoskeletal distribution of actin at the topo-
graphical features with (A) endothelial cells over a 40-�m pore and (B) 3T3 fibroblasts around a 50-�m pore.
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blasts use neighbors as supports to cross pore features
larger than the individual fibroblast dimensions. The
idea of cells responding to the pores as a topographi-
cal discontinuity, are consistent with the findings of
Curtis et al., who demonstrated that cells migrating
along fibers would often attach laterally to cells al-
ready on the fibers or at bends to form “sail sheets” to
cross to another topographical feature, where the
depth was too great to overcome.23

The difference in the behavior of the two cell types
can be further highlighted through phalloidin stain-
ing, which confirms that the cells are responding to
the pores as topographical discontinuities. Fluores-
cence microscopy images in Figure 5 show the two cell
types around the pores, which were fixed with glutar-
aldehyde and stained with phalloidin. Light intensity
cross-sections of the images revealed the lateral varia-
tions in the cytoskeletal distribution of each cell type.
The cytoskeleton in the endothelial cells [Fig. 5(a)] is
limited by the boundary of the pore with concentrated
regions of cross-linked actin around the edge of the
topographical feature. In contrasts, the distribution of
cytoskeleton in fibroblasts [Fig. 5(b)] is unchanged by
the pore boundary. Thus, the cells ability to cover
pores may be reflected by the actin assembly occur-
ring within the cells. With the endothelial cells, the
actin assembly occurs predominantly at the pore edge.
This results in concentrated focal adhesion contacts at
the pore edge limiting further movement. The fibro-
blasts also form significant focal contacts; however,
these are not restricted to the pore edge. As a result,
the fibroblasts are able to orientate around the pore
features and display greater mobility. They may cross
the boundary of the pore and then use their neighbor-
ing cells as support structures.

CONCLUSION

Porosity has been shown to influence the behavior
of cells. This study of cells over defined pore features
has determined that cell behavior is interlinked by
three factors: 1) cell type; 2) pore size; and 3) cell den-
sity. It has also been shown that the cells respond to
the pores as topographical discontinuities. The differ-
ence in behavior of the two cell types is related to the
cytoskeletal structure and actin monomer content.
However, in both cell types, cell density and pore size
affected percentage pore coverage significantly. These
results confirm that within a tissue, engineering scaf-
fold cells displaying fibroblast behavior will tend to
block pores even where the pore diameter is greater
then the cell diameter.
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