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Abstract

Micrometer-size pits on the surface of a polymer (polyallyldiglycol carbonate or PADC) substrate created by alpha-particle irradia-
tion and subsequent chemical etching were used to study the topographical effects alone on cell behavior. Vinculin, the cell adhesion and
membrane protrusion protein, was used as an indicator of cytoskeletonal reorganization on the substrate and localization of vinculin was
used to demonstrate the presence of focal adhesions. In our experiments, vinculin expressed in epithelial HeLa cells cultured on PADC
films with track-etch pits, but not in cells cultured on the raw or chemically etched blank films. In other words, vinculin expression was
induced by the topography of track-etch pits, while etching of the substrate alone (without alpha-particle irradiation) did not cause up-
regulation of vinculin protein expression. HeLa cells cultured on PADC films with track-etch pits also showed changes in cell prolifer-
ation, cell area and cell circularity, and were largely contained by the pits. In other words, the cell membrane edges tended to be in
contact with the pits. By comparing the correlation between the positions of HeLa cells and the pits, and that between the positions
of cells and computer-simulated pits, the tendency for membrane edges of HeLa cells to be in contact with the pits was recognized. This
could be explained by inhibition of membrane protrusion at the pits. In conclusion, substrate track-etch pits were an important deter-
minant of epithelial cell behaviors.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Many implant applications involve porous materials. It
is now well established that pores introduce topographies
onto the substrates, while substrate topographies will con-
trol the nature and degree of cell–cell and cell-matrix inter-
actions and determine the morphology and functional
induction of cultured cells in vivo [1–9]. As a result, a con-
siderable body of research has been devoted to studying the
effects of micropores or micropits on cell interactions [10–
19]. In particular, the effects of micropores on epithelial tis-
sues have been extensively examined both in vitro and
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in vivo. The in vivo study by Squier and Collins [20]
involved the implantation of MilliporeTM filters in pig back-
skin, which showed the support of tissue growth on filters
with pore size of 0.025–1.2 lm, and prevention of down-
growth on filters with larger pore size of 3–8 lm. Similarly,
Takeuchi [21] found that migration of chick corneal epithe-
lium was supported on MilliporeTM filters with pore size of
0.3–0.45 lm and inhibited on filters with pore size of and
larger than 0.8 lm. In a series of systematic studies related
to corneal onlay, where the onlay lenticule should be por-
ous to provide nutritional flux between the overlying epi-
thelial tissue and the corneal stroma, the dependence of
epithelialization, migration and adhesion of corneal epithe-
lial tissues and/or cells on the presence, size and density of
polymeric substrate micropores were identified [22–26].
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However, as commented by Dalton et al. [23], the pores on
track-etched membranes introduced both topography and
porosity, so it would be impossible to separate the relative
contribution of topography and porosity from these pores
to the effects on epithelial cells and tissues. By blind-ending
the pores to produce 10-lm deep cylindrical pits [25], the
increase in tissue migration was found to be independent
of fluid flux through the pores and so appeared to occur
as a result of surface topography.

Such blind-ended pores bear a resemblance to track-etch
pits commonly encountered in ion-irradiated and chemi-
cally etched solid-state nuclear track detectors (SSNTDs)
[27]. Therefore, an interesting research would be to deter-
mine the topographical effects of these track-etch pits on
epithelial cell behavior through using the human epithelial
HeLa cell line.

It has been established that surface topography affects
cell adhesion [23,28,29]. An important cell adhesion struc-
ture is the focal adhesions that are specialized regions of
the cell membrane and are separated from the substratum
by 10–15 nm. Bundles of actin filaments terminate at the
focal adhesions where they attach to intergrins through
binding proteins [30]. Integrins comprise cell-surface
matrix receptors with an extracellular domain that binds
to a protein component of the extracellular matrix
(ECM) and an intracellular domain that indirectly binds
to actin filaments via a complex of attachment proteins,
including vinculin [31–33]. Localization of vinculin by
immunofluorescence microscopy is therefore often used
to demonstrate the presence of focal adhesions [34–36].
Previous studies also showed that substrate microtopogra-
phy could change the establishment of focal adhesion com-
plexes [37] and could invoke specific signaling pathways
which might regulate cellular phenotype and function
[38–41]. Ranucci and Moghe [29] studied the adhesion
and motility behavior of HepG2 cells on microtextured
copolymer substrates. Immunofluorescent labeling of vin-
culin revealed a streaked pattern throughout the ventral
surface for the cells cultured on the textured surface. In
contrast, vinculin-rich regions were not detected in cells
cultured on the untextured surface. As such, vinculin was
used as an indicator of cytoskeletonal reorganization on
substrate [29]. For the present investigations, the presence
of focal adhesions and cytoskeletonal reorganization were
also assessed through expression of vinculin.

The micrometer-size pits on the substrates could have
another topographical effect on the cultured cells. Previous
research showed that migration of corneal epithelial cells
was not inhibited on polycarbonate membranes with pore
diameters even as large as 2.3-lm, although the migration
was reduced on membranes having pore sizes larger than
0.9 lm [22]. Inhibition of membrane protrusion at the
pores could be a possible explanation for the reduced
migration. Under such circumstances, cells would be lar-
gely contained by the track-etch pits and the cell membrane
edges would tend to be in contact with the track-etch pits.
This possibility was assessed by correlation analyses
between the positions of track-etch pits and cells on cap-
tured images.

In brief, the main objective of the present work was to
explore the feasibility of using pits created on the surface
of a polymer by alpha-particle irradiation and subsequent
chemical etching to study the substrate topographical
effects on cell behaviors. The pits were purposely not
etched-through so no extra and sophisticated steps were
required for blind-ending.

2. Methodology

2.1. PADC films, treatments and characterization

In the present work, polyallyldiglycol carbonate
(PADC) films (commercially available as CR-39 detectors)
were used as the cell substrates. CR-39 detectors are one of
the most commonly used solid-state nuclear track detectors
(SSNTDs). A recent review on SSNTDs has been given in
[27]. In the present work, CR-39 SSNTDs with a thickness
of 1000 lm were purchased from Page Mouldings (Per-
shore) Limited, Worcestershire. A number of PADC films
with a size of 2 � 2 cm2 were prepared and subjected to dif-
ferent treatments before cell cultivation. These include raw
and unetched films, etched blank (unirradiated) films and
etched irradiated films. Irradiations were made with
3 MeV alpha particles from a planar 241Am source (main
alpha energy = 5.49 MeV under vacuum) for durations of
3 and 6 h. For an irradiation time of 3 h, the average track
density is about 4.15 � 105 tracks cm�2. The final alpha
energies incident on the films were controlled by the source
to film distances in normal air. The relationship between
the alpha energy and the air distance traveled by an alpha
particle with initial energy of 5.49 MeV from 241Am was
obtained by measuring the energies for alpha particles
passing through different distances in normal air using
alpha spectroscopy systems (ORTEC Model 5030) with
passivated implanted planar silicon (PIPS) detectors of
areas of 300 mm2. Etching was performed first for 3 h in
6.25 N aqueous NaOH at 70 �C (which corresponded to
a bulk etch rate of 1.2 lm/h [42]) and then for 5 min in
1 N NaOH/ethanol at 40 �C (which corresponded to a bulk
etch rate of �9.5 lm/h [43]). These etching conditions pro-
duced superficial etch pits with sizes much smaller than the
dimensions of the HeLa cells. The films were etched in
NaOH/ethanol in the end since NaOH/ethanol-etched
PADC films were more biocompatible than the NaOH/
H2O-etched PADC films [44].

To characterize the surface topography of the irradiated
and etched PADC films, the size of the track-etch pits were
determined from their lateral images after polishing the
edge of the films [45]. For a comparison, the opening diam-
eters of alpha-particle track-etch pits in PADC films
formed by etching in NaOH/H2O alone were calculated
using the computer program called TRACK_TEST [46]
(also available on the webpage: http://www.cityu.edu.hk/
ap/nru/test.htm). It is remarked here that the opening
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diameters can no longer be simulated using TRACK_T-
EST after a further etching in NaOH/ethanol for 5 min,
since the V function (ratio between the track etch rate
and the bulk etch rate) of PADC in NaOH/ethanol, which
is required by the TRACK_TEST program for computa-
tion, is unknown.

2.2. Cell culture

HeLa cervix cancer cells were cultured on the 2 � 2 cm2

PADC films subjected to different treatments as described
in Section 2.1. Before cell culture, the PADC films were
sterilized by submerging in 75% (v/v) ethyl alcohol for
2 h and then in absolute alcohol. These films were then
used for culturing National Institutes of Health HeLa cer-
vix cancer cells obtained from the American Type Culture
Collection. The cell line was maintained as exponentially
growing monolayers at low-passage numbers in Dulbecco’s
modified eagle medium (D-MEM) supplemented with 10%
fetal bovine serum, 1% (v/v) penicillin/streptomycin. The
cells were cultured at 37 �C in humidified atmosphere con-
taining 5% CO2. Subcultivation was performed every 3–
4 d. Penicillin/streptomycin was produced by Gibco (Kar-
lsrube, Germany). The cells were trypsinized with 0.5/
0.2% (v/v) trypsin/EDTA (ethylenediamine-tetra-acetic
acid; Gibco), adjusted to desired concentrations and plated
out on the PADC films placed inside a 90 mm diameter
Petri dish. During the plate out, each Petri dish contained
PADC films subjected to all different treatments as
described in Section 2.1.

For the cell area and immunohistochemical localization
studies, the concentrations were adjusted to 0.5 � 104 and
104 cells ml�1, respectively (with a total volume of 25 ml).
For analyzing the cell number, vinculin expression (SDS-
PAGE) as well as the correlation between the positions
of cells and track-etch pits, the concentrations were
adjusted to 5 � 104 cells m�1 (with a total volume of
25 ml). All cells were allowed to plate out on the PADC
films for 3 d.

2.3. Immunohistochemical localization studies

Immunohistochemical localization studies were carried
out to visualize the expression of vinculin. Briefly, the cells
cultured on PADC films subjected to different treatments
as described in Section 2.1 were fixed with 4% formalde-
hyde and permeabilized with 0.1% Triton X-100. Nonspe-
cific binding sites were blocked with 3% bovine serum
albumin and 1% normal goat serum in PBS (Gibco) for
1 h at room temperature. Subsequently, the samples were
incubated for 1 h with a mouse monoclonal antibody
(mAB) to human vinculin (Chemicon International, CA;
diluted 1:20 in blocking solution), washed four times
(15 min each) with PBS, and incubated with Cy3-conju-
gated AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson
ImmunoResearch; diluted 1:200 in blocking solution).
After a 1-h incubation period, the secondary antibody
was removed and the samples were washed in PBS
overnight at 4 �C. The samples were then mounted in a
fluorescent mounting medium (Dako) before imaging with
a laser-scanning confocal microscope (Carl Zeiss Laser
Scanning Microscope) at 800� magnification.

2.4. Vinculin expression studies

SDS-PAGE was performed as described [47]. The
blocked PVDF membrane was incubated with vinculin
antibody (Chemicon International, CA; diluted 1:200 in
blocking solution (2% BSA, 0.1% Tween-20 (v/v) and
1xPBS (0.1 M Na2HPO4, 0.1 M NaH2PO4, 0.5 M NaCl))
overnight at 4 �C, washed with 0.1% TPBS (0.1% Tween-
20 (v/v) and 1�PBS) three times for 15 min each at room
temperature and incubated with the horseradish peroxidase
conjugated goat anti-rabbit IgG (Dako) at 1:5000 dilution
at room temperature for 1 h. Then, the membrane was
washed three times with 0.1% TPBS for 15 min each and
bands were detected by ECL kit (Amersham). Density of
each band was quantified by ImageJ software (http://
rsb.info.nih.gov/ij/). Data are presented as fold changes.
The Coomassie-Blue stained gel image was served as a pro-
tein loading control [48–51].

2.5. Cell proliferation studies

In order to count the cell number on different CR-39
SSNTDs, the attached cells on the various films were
released by digestion with trypsin–ethylenediaminetetra-
acetic acid (Invitrogen) and counted using a hemocytoeter
(Marienfeld, Germany).

2.6. Correlation between the positions of track-etch pits and

cells

In order to study the correlation between the positions
of track-etch pits and cells, images of the etched PADC
films which had been irradiated with alpha particles for 3
or 6 h together with the cultured HeLa cells were captured
under the optical microscope with a magnification of 200�
in the transmission mode. The track-etch pits on each
PADC film was categorized as (1) those in contact with cell
membrane edges, (2) those covered by the cell core bodies,
(3) those not in contact with the cells and (4) unclassified,
where the pits were close to cell membrane edges, but deci-
sions on the contacts could not be made without
ambiguity.

2.7. Cell area and perimeter measurement and statistics

The cell areas and perimeters were measured by the Ima-
geJ software. Student’s t-test (for two samples, assuming
unequal variances) was used to compare statistical signifi-
cance of test materials against the control by SigmaPlot
(Systat Software Inc.). Results with p < 0.05 were consid-
ered statistically significant.

http://rsb.info.nih.gov/ij/
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3. Results

3.1. Topography of alpha-particle irradiated and chemically

etched PADC films

For the irradiated and etched PADC films, the average
opening diameter and depth of the track-etch pits after
etching in NaOH/H2O with the additional etching by
NaOH/ethanol for 5 min determined from their lateral
images after polishing the edge of the film [45] were
4.8 ± 0.1 and 6.6 ± 0.3 lm, respectively. Fig. 1 shows the
lateral view of a conical track revealed under the optical
microscope operated in the transmission mode after polish-
ing the edge of the film. Without the additional etching by
NaOH/ethanol, the opening diameter and depth calculated
by the computer program TRACK_TEST [46] were 4.6
and 6.2 lm, respectively.
3.2. Immunohistochemical localization studies

Fig. 2(A) shows the expression of vinculin on HeLa cells
cultured on the PADC films subjected to different treat-
ments. In Fig. 2(A), the images from confocal microscope,
the transmission mode optical images as well as their super-
positions are shown. From Fig. 2(A), we observe overall
increases in vinculin expression for HeLa cells cultured
on PADC films with track-etch pits. On the contrary, vin-
culin-rich regions were not revealed in cells cultured on the
raw (unetched) as well as the blank (etched) PADC films.
Similar observations were obtained for HepG2 cells cul-
tured on untextured and microtextured copolymer sub-
strates [29].
3.3. Western blotting study

Fig. 2(B) illustrates the expression of vinculin. Here,
representative images from western blotting are shown,
where the size of vinculin protein is about 117 kDa.
The respective bands which represent the expression of
Fig. 1. The lateral view of a conical pit generated from an alpha particle
with incident energy of 3 MeV (etched for 3 h in 6.25 N aqueous NaOH at
70 �C and then for 5 min in 1 N NaOH/ethanol at 40 �C) revealed under
the optical microscope operated in the transmission mode after polishing
the edge of the film. Bar = 5 lm.
vinculin from proteins sampled from HeLa cells cultured
on PADC films with track-etch pits were stronger than
those for cells cultured on the raw (unetched) as well
as on the blank (etched) PADC films. The results for cells
cultured on track-etch pits and those cultured on the raw
detectors were found to be statistically significant (p <
0.05).

3.4. Effects of substrate pits on cell growth, area and

circularity

The proliferation rate of HeLa cells was indicated by
the number of cells measured after the cells had been cul-
tured on substrates for 3 d (Fig. 6). Cells growing on 3-h
etched PADC films were found to be only one-fourth
those growing on raw films. On the other hand, etched
films with track-etch pits were found to have significantly
increased the number of cells, by comparing with the
number of cells growing on the 3-h etched blank films
(p < 0.05).

The area of cells growing on the etched blank films or
track-etch pits on films were found to be significantly smal-
ler than the area of cells growing on raw films (p < 0.05)
(Fig. 7).

The circularity of cells, calculated using the definition of
4p � (area/perimeter2) from Lim et al. [16], indicates the
elongated polygonal-shaped spreading of cells. According
to this definition, the circularity of cells would increase
when the polygonal-shaped spreading of the cells was
reduced. When cell spreading was induced on etched blank
PADC films (Fig. 2(A)), circularity of cells was lower
(Fig. 8). On the other hand, track-etch pits on films sup-
pressed the polygonal-shaped spreading of cells. The circu-
larity of cells growing on PADC films irradiated by 3 MeV
alpha particles for 6 h and then etched was similar to cells
growing on raw films. These results suggested that cell
membrane edges in contact with the pits suppressed further
polygonal-shaped spreading of the cells.

Cells growing on etched blank PADC films had smaller
cell areas but with more elongated polygonal-shaped
spreading (lower circularity) when compared to cells grow-
ing on raw films. This suggested that etching alone reduced
cell growth (proliferation) and area but induced polygonal-
shaped spreading.

Cells growing on track-etch pits on PADC films also
had smaller cell areas than cells growing on raw films,
but were more in number than cells growing on etched
blank films. When irradiation was prolonged from 3 h to
6 h, the projections measured on the cells growing on
track-etch pits on films were reduced and, in other words,
the circularity of the cells increased. This suggested that
pits alone on films induced cell growth and circularity
but did not increase the cell area.

Taken together the observations from cell growth (pro-
liferation), area and circularity, track-etch pits on PADC
films reduced cell proliferation, elongated polygonal-
shaped spreading and cell area.



Fig. 2. (A) Representative images showing the spatial expression of vinculin on HeLa cells on (a) raw and unetched PADC film; (b) etched blank PADC
film; (c) PADC film irradiated by 3 MeV alpha particles for 3 h and etched; (d) PADC film irradiated by 3 MeV alpha particles for 6 h and etched. For (b),
(c) and (d), etching was performed for 3 h in 6.25 N aqueous NaOH at 70 �C and then for 5 min in 1 N NaOH/ethanol at 40 �C. Bar = 20 lm; n = 3; (a) to
(d) are at identical magnification. For (a) to (d), upper left: images from confocal microscope; upper right: transmission mode optical images; lower left:

superposition of the upper left and upper right images. (B) Vinculin detected by immunoblot presented as fold changes. Upper image lanes: 1, Rw (blank
and unetched film); 2, 3 b (3 h etched blank film); 3, 3i3 (etched film with 3 h irradiation); 4, 3i6 (etched film with 6 h irradiation). Right margin arrow,
molecular weight standard. Below, identically loaded Coomassie-stained gel (loading controls). 3i3 and 3i6 showed statistically significant increases
compared with raw (*p < 0.05, mean + SD, n = 3).
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Fig. 3. An image (200� in the transmission mode) showing the superpo-
sition of HeLa cells cultured for 3 d and track-etch pits generated from
irradiation of 3 MeV alpha particles for 3 h, etched for 3 h in 6.25 N
aqueous NaOH at 70 �C and then for 5 min in 1 N NaOH/ethanol at
40 �C.

Fig. 4. Superposition of positions of randomly distributed track-etch pits
(pluses) and the image shown in Fig. 3.
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3.5. Correlation between positions of track-etch pits and cells

Images of etched PADC films which had been irradiated
with alpha particles for 3 or 6 h together with the cultured
HeLa cells were captured under the optical microscope
with a magnification of 200� in the transmission mode.
Fig. 3 shows a representative image corresponding to 3-h
alpha-particle irradiation.

The number of track-etch pits in contact with cell mem-
brane edges (E) and those covered by the cell core bodies
(B), as well as those not in contact with the cells (N) were
counted. There were some unclassified cases where the pits
were close to cell membrane edges, but decisions on actual
contacts could not be made without ambiguity, and the
corresponding number was recorded as (U). The total num-
ber of counted pits was T = E + B + N + U. A total of 3
Table 1
Panel (a): the number of track-etch pits in contact with cell membrane
edges (E), covered by the cell core bodies (B), not in contact with the cells
(N), unclassified (U) and the total number (T = E + B + N + U) obtained
for the images of the three samples corresponding to 3-h alpha-particle
irradiation; panel (b): the numbers in (a) converted to ratios to T

Sample 1 Sample 2 Sample 3

Panel (a)

E 323 267 244
B 67 63 55
N 133 212 212
U 178 93 51
T 701 635 562

Panel (b)

E/T 0.461 0.420 0.434
B/T 0.096 0.099 0.098
N/T 0.190 0.334 0.377
U/T 0.254 0.146 0.091
images corresponding to 3-h alpha-particle irradiation,
with the superposition of HeLa cells and the track-etch
pits, were analyzed for these numbers. The results are
shown in Table 1.

In order to have a better understanding of the numbers
in Table 1(a) and (b), we also performed a computer simu-
lation for the case where the track-etch pits were randomly
distributed. The average total number of track-etch pits
was calculated from the total number of track-etch pits in
the three samples, which was (701 + 635 + 562)/3 = 633.
The average total track-etch pit density was determined
as 4.15 � 105 tracks cm�2. The 633 track-etch pits were
randomly distributed in the area of the image. The actual
images of the cells were then superimposed onto the images
of these randomly distributed track-etch pits. Fig. 4 is the
superposition of images of the randomly distributed
track-etch pits and the images of HeLa cells shown in
Fig. 3. The numbers E, B, N, U and T were again counted
Table 2
Panel (a): the number of computer-simulated track-etch pits in contact
with cell membrane edges (E), covered by the cell core bodies (B), not in
contact with the cells (N), unclassified (U) and the total number
(T = E + B + N + U) obtained for the images of the three samples
corresponding to 3-h alpha-particle irradiation; panel (b): the numbers
in (a) converted to ratios to T

Sample 1 Sample 2 Sample 3

Panel (a)

E 72 95 130
B 111 152 210
N 272 288 178
U 178 88 115
T 633 633 633

Panel (b)

E/T 0.114 0.150 0.205
B/T 0.175 0.240 0.332
N/T 0.430 0.455 0.281
U/T 0.281 0.139 0.182



Fig. 5. An image (200� in the transmission mode) showing the superpo-
sition of HeLa cells cultured for 3 d and track-etch pits generated from
irradiation of 3 MeV alpha particles for 6 h, etched for 3 h in 6.25 N
aqueous NaOH at 70 �C and then for 5 min in 1 N NaOH/ethanol at
40 �C.

Fig. 6. Number of HeLa cells on different treated PADC films. That for
Rw is significantly different from those for 3b and 3i6 (*p < 0.05,
mean + SD, n = 3) as well as 3i3 (**p < 0.06, mean + SD, n = 3) and that
for 3i3, 3i6 is significantly different from 3b (#p < 0.05, mean + SD,
n = 3). For the sample codes, the readers are referred to the caption for
Fig. 2.
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as described above. The results are shown in Table 2. From
Table 1b and 2b, we observed that the percentages of track-
etch pits in contact with cell membrane edges, viz. E/T, in
the real cases were much larger than those in the simulated
cases.

Fig. 5 shows one of the images corresponding to 6-h
alpha-particle irradiation. A higher etch-pit density is
apparent. The numbers E, B, N, U and T were again
counted as described above, and the results are shown in
Table 3. By comparing Table 1b and 3b, we observed that
the E/T percentages were commensurate for 3- and 6-h
alpha-particle irradiation.
Fig. 7. Area of cells. The areas of cells cultured on the 3b, 3i3 and 3i6
samples were significantly smaller than that for Rw (*p < 0.05,
mean + SD, n = 3), whereas the areas of cells cultured on the 3i3 and
4. Discussion

This study explored the feasibility of using track-etch
pits on the surface of a polymer to study the substrate
Table 3
Panel (a): the number of track-etch pits in contact with cell membrane
edges (E), covered by the cell core bodies (B), not in contact with the cells
(N), unclassified (U) and the total number (T = E + B + N + U) obtained
for the images of the three samples corresponding to 6-h alpha-particle
irradiation; panel (b): the numbers in (a) converted to ratios to T

Sample 1 Sample 2 Sample 3

Panel (a)

E 569 644 620
B 83 89 176
N 652 389 324
U 102 71 53
T 1406 1193 1173

Panel (b)

E/T 0.405 0.540 0.529
B/T 0.059 0.075 0.150
N/T 0.464 0.326 0.276
U/T 0.073 0.060 0.045

3i6 samples were also significantly smaller than that for 3b (#p < 0.05).
For the sample codes, the readers are referred to the caption for Fig. 2.
topographical effects on epithelial cell behaviors. The
effects were studied in terms of (1) focal adhesions and
cytoskeletonal reorganization through examination of vin-
culin expression; and (2) contact of cell membrane edges
with the pits. Our results demonstrated that substrate
track-etch pits were an important determinant of epithelial
cell behaviors.

Vinculin is a cell adhesion and membrane protrusion
protein coupled with integrins, paxillin, talin and actin fil-
aments [52–56]. It is part of the focal adhesion complex
linking F-actin filaments to cell membrane sites within
15 nm of the underlying substrate [47,57], and plays an
essential role in cell modeling, adhesion structure modula-
tion and motility [47,58]. As such, vinculin is used as an



Fig. 8. Circularity of cells. Circularity for cells cultured on the 3i6 sample
was significantly larger than those cultured on the 3b and 3i3 samples
(*p < 0.05, mean + SD, n = 3). For the sample codes, the readers are
referred to the caption for Fig. 2.
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indicator of cytoskeletonal reorganization on substrate [29]
and localization of vinculin is often used to demonstrate
the presence of focal adhesions [34–36].

Focal adhesion and motility of cells on their ECM
involved a series of molecular signaling mechanisms.
Potential signaling mechanisms upon cell contact with a
matrix were suggested [52–55,59,60]. Numerous regulatory
molecules including RNA and DNA synthesis, associated
with numerous enzymes and substrates mediating different
signaling pathways scaffold the cytoskeleton of the cell [59].
In particular, integrin receptors on the cell membrane
recruit the Arp2/3 complex which interacts with focal adhe-
sion proteins such as vinculin, talin and paxillin coupling
the actin polymerization machinery and activates focal
adhesion kinase as well as other signaling cascades. Ran-
ucci and Moghe [29] suggested that the presence of microp-
ores on the substrate might locally effect the clustering of
integrin receptors. These integrin clustering events can lead
to signal transduction [61], including activation of focal
adhesion kinease, which is a prerequisite for cell migration
[62].

Our immunofluorescent results revealed that there is a
general increase of vinculin expression of HeLa cells cul-
tured on PADC films with track-etch pits, but not in cells
cultured on the raw (unetched) as well as the blank (etched)
PADC films. In other words, vinculin expression was
induced by the topography of track-etch pits, while etching
of the substrate alone (without alpha-particle irradiation)
did not cause up-regulation of vinculin protein expression.
Results were confirmed with western blotting. The results
were in general consistent with those of Ranucci and
Moghe [29] who studied the adhesion and motility behav-
ior of HepG2 cells on microtextured copolymer substrates.
In the absence of surface-adsorbed collagen ligand, vincu-
lin localized throughout the ventral surface of the cells in
contact with the textured substrate but was not detected
at all on cells in contact with the untextured surface [29].
The cell adhesive behavior was explained in terms of
changes in the intracellular organization of the cytoskele-
ton-associated protein vinculin and the extent and strength
of cell adhesion to the substrate [29]. They expected their
vinculin-based results to be a result of cytoskeletal reorga-
nization on microtextured copolymer substrates, because
previous studies [63] showed that actin aggregation behav-
ior at textural discontinuities was correlated with vinculin
dynamics during cell orientation on microgrooved sub-
strates. Another previous study with primary hepatocytes
[9] also showed the presence along the ventral cell surface
of F-actin rings, whose location and size corresponded to
the substrate micropores. These findings were also in gen-
eral agreement with the related study by Evans et al. [24]
who evaluated the ultrastructure of the corneal epithelial
tissue – polycarbonate membrane interface for the forma-
tion of the basal lamina component of the basement mem-
brane and the electron-dense hemidesmosomal plaque
component of the adhesion complexes associated with the
cytoplasmic side of the basal cell membrane. Assembly of
adhesive structures at the tissue–polymer interface was
facilitated with the introduction of pores into a solid poly-
carbonate surface, while structures resembling either
basement membrane or hemidesmosomal plaque at the
tissue–polymer interface were not formed by cells cultured
on the nonporous polycarbonate polymer surface [24]. The
observations were also consistent with those for MDCK
cells grown on solid plastic surfaces [64,65]. In summary,
the results of vinculin suggested that the substrate topogra-
phy changed the focal adhesions and cytoskeletonal reor-
ganization of cells.

For the HeLa cells cultured on PADC films with track-
etch pits, besides vinculin expression, changes of cell prolif-
eration, cell area and circularity were also observed. A
closer look at the cells cultured on PADC films with
track-etch pits revealed that the cells were largely contained
by the track-etch pits. In other words, the cell membrane
edges tended to be in contact with the pits. By comparing
the correlation between the positions of HeLa epithelial
cells and the track-etch pits on PADC films, and that
between the positions of cells and computer-simulated pits,
the tendency for membrane edges of HeLa epithelial cells
to be in contact with the track-etch pits could indeed be
recognized. A higher etch-pit density also resulted in a
higher number of etch pits in contact with the cell mem-
brane edges, but the percentage of these etch pits to the
total number of etch pits remained more or less the same.
Inhibition of membrane protrusion at the pores could
explain this phenomenon, as well as the reduced migration
of corneal epithelial cells on polycarbonate membranes
having pore sizes larger than 0.9 lm [22]. A previous study
on movement of 3T3 fibroblasts on polyacrylamide sheets
with discontinuities in rigidity showed that, when the cells
approached the boundary from the stiff side, protrusion
stopped at the leading edge and then continued laterally
along the boundary, causing the cell to change shape and
orientation [66].
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In this study, we presented a simple and convenient way
of introducing micrometer-size pits on the surface of a
polymer (PADC) substrate by alpha-particle irradiation
and subsequent chemical etching. These pits are useful
for examining the topographical effects on cell behaviors.
In fact, this method has a whole range of flexibilities in gen-
erating pits with different characteristics. For example, the
pit density can be simply controlled by the alpha-particle
irradiation time while the pit-opening diameter can be con-
trolled by the etching duration. The sizes of the pits
together with the amount of polymer surface between pits
are equivalent to the pitch used in contact guidance exper-
iments with substrate surfaces micropatterned with grooves
[24]. The track-etch pits employed in the current study were
conical, but other pit profiles such as spherical, or conical
at the top and spherical at the bottom are also possible
by controlling the alpha-particle incident energy and the
etching duration. Profiles can be conveniently designed
with the help of the TRACK_TEST computer program
[46]. Pits making different angles with the substrate surface
can be generated by varying the incident angles of the
alpha particles. In these cases, the opening will become
elliptical or egg-shaped depending on the etching duration.
Combinations of pits described above can also be conve-
niently introduced to the substrate surface.

5. Conclusions

Topography affects cell behavior as demonstrated by the
increase in expression of the focal adhesion protein vinculin
in HeLa cells cultured on PADC films with track-etch pits,
but not in cells cultured on the raw or chemically etched
blank PADC films. Topography also affects cell prolifera-
tion, area and circularity. HeLa cells cultured on PADC
films with track-etch pits also showed changes in cell pro-
liferation, cell area and cell circularity, and were largely
contained by the track-etch pits. This could be explained
by inhibition of membrane protrusion at the pores. Our
results demonstrated that substrate track-etch pits were
an important determinant of epithelial cell behaviors.
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