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a b s t r a c t

Material surface topography is an important factor for regulating cellular behaviour. Understanding the
mechanism of how surface topography influences mammalian cells is critical for the development of
medical implants and tissue engineering. In this study, we investigated the influences of nanoporous
and microgrooved substrates on the morphology and migration of hepatic cell line, BEL-7402 cells. Cells
were cultured on nanoporous (140 nm in diameter) anodized alumina membrane (AAM), nanoporous
(140 nm in diameter) polydimethylsiloxane (PDMS), and microgrooves (10 lm, 30 lm, and 50 lm in
width, and 2 lm in depth) patterned PDMS, then imaged by fluorescent microscopy, time-lapse micros-
copy, and scanning electron microscopy (SEM). Cell morphology and migration were investigated
through image analysis. The results suggest that the nanoporous and microgrooved surface structure
induced totally different changes on BEL-7402 cells. Compared to the well-spread cells on the flat surface
plate, the cells formed spheroids on the nanoporous AAM surface and nanoporous PDMS surface with no
elongation and alignment, while the cells grew with elongated and aligned morphology along the microg-
rooves on the PDMS substrates. The BEL-7402 cell migration speed was significantly higher on the nano-
porous substrates than on the flat surfaces. On the microgrooved PDMS substrates, the cells migrated
along the groove direction and showed relatively small difference of the overall velocity compared to
the cells on the flat PDMS surface. Our findings provide insights into the control of cell morphological fea-
tures and migratory behaviour by using artificial nanoporous or microgrooved substrates, which can ben-
efit the research on hepatocellular carcinoma metastasis, tissue engineering, and medical implant design.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction surfaces have attracted enormous interest to be used as bio-mimic
Mammalian cells in vivo are exposed to a complex, textured,
porous, and structured environment. The porosities and topogra-
phies of cellular environment extend at all scales from macro to
nano [1]. It is believed that the micro-scale and sub-micro-scale
surface structures of extracellular matrix (ECM) are a critical
parameter in guiding cell morphology and migratory behaviour
in several situations [2,3]. It is also reported that the nano-porosity
of sinusoidal endothelium might be related to the invasion of hepa-
tocellular cells [4]. Therefore, the cells encounter and respond to
topography in the in vivo environment at micro/nano-scales. In-
spired by these discoveries, artificial micro-/nano-structured
ll rights reserved.
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environments for medical applications such as tissue engineering.
Among these artificial micro-/nano-structured surfaces, alumina,
and PDMS are two most commonly used materials as culture sub-
strates because of their biocompatibilities.

Although a variety of cell types have been used in cell-substrate
studies for different purposes, hepatic cells have just started to gain
attention recently [5–7]. Hoess et al. successfully used the nanopor-
ous alumina for the co-cultivation of mesenchymal stem cells and
primary hepatocytes [8], which can be used in fabricating microcap-
sule for hepatocyte in non-autologues cell therapy to prevent ad-
verse immune response. Eckert et al. suggested that alumina
ceramics can be used to fabricate cell carrier for in vivo tissue
replacement [9]. In addition, Leclerc et al. demonstrated the cultiva-
tion of fetal human hepatocytes in microstructured PDMS [10].
PDMS were also used to develop bioartificial liver reactor in
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culturing hepatocyte in vitro [11,12], and may function as a bridge to
liver transplant or as a short-term liver-assisting device with
adequate anticoagulation and antiplatelet agents [13]. In the scope
of further applying nano-structured alumina and micro-structured
PDMS in the field of liver tissue engineering, it is necessary to care-
fully investigate the cell-substrate interactions between micro-/
nano-structured alumina/PDMS and hepatic cells.

It was previously shown that the dimension and distribution of
the grooves or pores on the micro-/nano-structured surfaces have
important influences on cellular behaviour. For example, the nano-
porous surface can enhance the cell adhesion of osteoblasts
[14,15]. The width of the microgrooved structure can regulate the
cell alignment and cell morphology of human mesenchymal stem
cells [16]. In this study, we investigated the effects of artificial nano-
porous and microgrooved surfaces on hepatic cellular behaviour.
BEL-7402, derived from human hepatoma, retains epithelial cell like
features and morphology and shows some specific biochemical
functions of hepatocytes [17]. Since the BEL-7402 cell line is immor-
tal and resistant to the cryopreservation, the usage of BEL-7402 of-
fers advantages compared to the primary liver cells in terms of
availability, growth activity, and quality control [18]. Thus, the cell
line BEL-7402 was adopted in this study to evaluate the effects of
nanoporous/microgrooved surfaces on hepatic cells. The BEL-7402
cells were cultured on flat cell culture plate, flat alumina surfaces,
nanoporous AAM (140 nm in diameter), flat PDMS, and microgroo-
ved PDMS surfaces patterned by micro-contact printing (10 lm,
30 lm, or 50 lm width, and the periodicity is twice the groove
width). Cellular behaviour on these surfaces was observed using
fluorescence microscopy, time lapse microscopy, and scanning elec-
tron microscopy (SEM). The cell morphology and cell migration on
these surfaces were analyzed through cell spreading area, cell elon-
gation, cell alignment, and cell migration speed.

2. Experiments

2.1. Substrate preparation

AAMs with pore size of 140 nm were purchased from Pu-Yuan
Nano Technology (China). The flat alumina surfaces, used as control,
were fabricated by sputtering coverslips and flat silicon wafers with
alumina by RF magnetron sputtering. The presence of alumina layer
on the control alumina surfaces was confirmed by energy-dispersive
X-ray spectroscopy (EDX). Patterned PDMS substrates were pre-
pared using standard micro-contact printing technique. First, silicon
masterboards were prepared with a negative pattern to be imparted
onto the PDMS. Next, the two part silicone presursors (SYLGARD
184, Down Corning) was mixed in a 10:1 ratio. The mixture was
poured onto a Si masterboard with predefined patterns and kept
in air for several hours. After degassing, it was cured at 65 �C for at
least 30 min. The solidified PDMS was then peeled off, transferring
the pattern from Si masterboard onto the PDMS soft replica. The
periodicities of the microgrooves were twice the groove widths.
All substrates were submerged and sterilized in 70% ethanol aque-
ous solution, followed by rinsing with PBS before surface character-
ization and cell culturing.

2.2. Cell culture

The BEL-7402 cells were obtained from the Cell Institute, Sinica
Academica Shanghai, Shanghai, China. The cells were then virally
transduced with green fluorescence protein (GFP) DNA. GFP was ap-
plied for image enhancement when the cells were observed through
semi-transparent substrates such as the nanoporous AAM. The BEL-
7402 cells were cultured in DMEM-HG supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 lg/ml streptomy-
cin, at 37 �C and 5% CO2 in a humidified incubator.
2.3. SEM observation

Cells were seeded onto the different surfaces at a concentration of
1 � 105 cells/ml, and were allowed to attach to the substrates for
24 h.Next,thecellswererinsedwithcacodylatebufferandwerefixed
with 2.5% glutaraldehyde for 30 min at room temperature. The
samples were dehydrated in a series of ethanol rinses (25%, 50%,
70%, 90%, and 100%) and critical-point dried (Bal-tec CPD030 critical
point dryer). 5 nm gold and gallium were then coated onto the
samples by sputtering (Bal-Tec SCD005 sputter coating) before SEM
characterization (Hitachi S-4800 FEG SEM). Image analyses were
carried out with a home-made image analysis software and ImageJ.

2.4. Time-lapse microscopy

BEL-7402 cells were seeded on the nanoporous AAM and the
microgrooved PDMS in the presence of CO2 independent culture
medium (Invitrogen) supplemented with 10% FBS, 100 U/ml peni-
cillin, and 100 lg/ml streptomycin. The cells were observed using
an inverted microscope (Nikon ECLIPSE Ti) enclosed in a humidi-
fied 37 �C chamber. Images were taken every 10 min by using a
motorized stage and analyzed by the Metamorph (Molecular De-
vices) software package.

Since the nanoporous AAM is semi-transparent, the cell mor-
phology on the AAM could not be viewed clearly under the in-
verted optical microscope in bright field. Twenty-four hours after
the initial cell seeding on AAM nanopores, fluorescent images were
captured every 10 min up to 4 h using fluorescence time-lapse
microscopy. Twenty-four hours after the initial cell seeding on
the micro-grooved PDMS, phase contrast images were captured
every 10 min up to 4 h using bright field time-lapse microscopy.
The flat cell culture plate, flat alumina surface, and flat PDMS were
used as the control substrates.

2.5. Characterization of cell morphology

Cells that made no contact with neighboring cells were selected
and analyzed with ImageJ [19]. Based on the optical images, the
outlines of cells were traced manually and the enclosed areas were
calculated as the cell spreading area. Each cell was further fitted to
an ellipse. The elongation of the cell is defined as the ratio of the
corresponding ellipse major/minor axis length. The alignment of
the cells on the PDMS microgrooves was represented by the aver-
age orientation angle (0–90�) between the major axis of the corre-
sponding ellipse and the direction of the microgrooves [20].

2.6. Cell migration study

The cell centroids were determined manually and the mean
centroid displacement per unit time was subsequently calculated
using ImageJ. The x and y axes were considered as parallel and per-
pendicular to the grooves direction, respectively. Average velocity
was calculated for each cell between consecutive time points by
the following formulas:

Parallel velocity

mxðtÞ ¼
DxðtÞ
Dt

ð1Þ

Perpendicular velocity

myðtÞ ¼
DyðtÞ
Dt

ð2Þ

Overall velocity

mrðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxðtÞ2 þ DyðtÞ2

q

Dt
ð3Þ
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The absolute values of mx(t), my(t), and mr(t) at different time
points were averaged respectively for all cells on a given substrate
to obtain the representative parallel, perpendicular, and overall
velocities. Cells that died, underwent mitosis, moved out of the
imaging area, or collided with each other during the observation
period were excluded from the analysis.

2.7. Statistical analysis

Data are expressed as mean ± standard deviation (SD). Compar-
ison is made by two-tail t-test. Statistically significant difference is
indicated by p < 0.01.

3. Results and discussion

Here, the average diameter of the nanopores on the AAM was
determined to be 140 nm under SEM observation, as shown in
Fig. 1A. To distinguish between the effect from nanoporous
Fig. 1. Characterization of the nanoporous and microgrooved surfaces: (A) nanoporous
alumina), (C) EDX spectrum of the control alumina surface, (D) 10 lm width microgroove
microgrooved PDMS surface. (G) 140 nm nanoporous PDMS surface.
structure and that from alumina surface of AAM, the flat control
alumina surface was used as the control substrate in this study
(Fig. 1B). EDX analysis was performed on the control alumina sur-
face and the presence of the alumina layer was confirmed (Fig. 1C).
The signal of silicon comes from the silicon wafer substrate.
Fig. 1D–F show the microgrooved PDMS surface with groove
widths of 10 lm, 30 lm, and 50 lm, respectively. The periodicities
of the microgrooves were twice as their widths. Fig. 1G shows the
nanoporous PDMS surface with 140 nm in diameter.
3.1. Influence of nanopores and microgrooves on cell morphology

Both PDMS and alumina ceramics are well known to be biocom-
patible, and they have been commonly used in orthopaedic appli-
cation and biomimetic fabrication for years [7,21–23]. Cell
morphology of BEL-7402 cells after 24-h culturing on nanoporous
AAM and microgrooved PDMS was observed using SEM (Fig. 2 and
Fig. 3). The flat cell culture plate, flat control alumina surface, and
AAM surface (140 nm), (B) control alumina surface (silicon wafer sputtered with
d PDMS surface, (E) 30 lm width microgrooved PDMS surface, and (F) 50 lm width



Fig. 2. Scanning electron microscopy images of the BEL-7402 cells on the cell culture plate, control alumina surface, and nanoporous AAM surface: (A-1) BEL-7402 cells on
cell culture plate; (A-2) BEL-7402 cells on cell culture plate with higher magnification. (B-1) BEL-7402 cells on control alumina surface; (B-2) BEL-7402 cells on control
alumina surface with higher magnification; (B-3) Selected area of BEL-7402 cell in Fig. B-2 with much higher magnification. (C-1) BEL-7402 cells on AAM (140 nm); (C-2) BEL-
7402 cells on AAM (140 nm) with higher magnification; (C-3) Selected area of BEL-7402 cell in Fig. C-2 with much higher magnification.
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flat PDMS served as the control substrates. The SEM images show
that the BEL-7402 cells retained well-spread morphology on both
the flat cell culture plate (Fig. 2A) and the control alumina surface
(Fig. 2B), while the BEL-7402 formed spherical morphology on the
AAM (Fig. 2C). Fig. 2B-3 and C-3 show the selected areas of BEL-
7402 cell in Fig. 2B-2 and C-2 with higher magnification. Since
the AAM and the control alumina surface have the same surface
chemistry, this result demonstrates that the less-spread morphol-
ogy of BEL-7402 on the AAM should be due to the nanoporous
structure, not the chemical effect from the alumina surface. The re-
duced cell spreading on nanoporous structure was also observed
by Park et al. where rat mesenchymal stem cells were plated on
a TiO2 nanotube surface (pore diameter >70 nm) [24]. However,
although BEL-7402 cells did not spread well on 140 nm nanopor-
ous AAM, no significant decrease in cell number was found in this
study (Fig. 2C). That means 140 nm spacing reduced the cell-sub-
strate adhesion strength of BEL-7402 cells, but did not induce the
apoptosis of BEL-7402 cells. The cells on the nanoporous AAM
(Fig. 2C-3) developed morphology with many more protrusions
than the cells on the control alumina surface (Fig. 2B-3). Protrusion
formation is an essential step during cell migration [25]. Highly
migratory cells usually displayed more protrusion formation
[24,26]. Thus, many protrusions appeared around the cells on the
nanoporous AAM indicates that cell migration on the nanoporous
surface would be easier than on the flat surface. On the other hand,
the cells tend to spread spheroid on the flat PDMS (Fig. 3A) and ex-
tend along the ridges on the microgrooved PDMS (Fig. 3B–D). Com-
pared to the cells on the flat cell culture plate (Fig. 2A), the cells on
both flat PDMS and microgrooved PDMS showed less spreading.
The PDMS substrate used in this study was untreated, and it has
been reported that the effects from untreated PDMS on the cell
spreading might depend on the cell type [1,27]. For example, the
untreated PDMS does not support adhesion of vascular smooth
muscle cells (VSMC), [1] but the baby hamster kidney (BHK) fibro-
blastic cells can be attached and well spread on it [27]. Thus, the
PDMS substrate does not favour the spreading of BEL-7402 cells,
which might be related to the inherent properties of the
BEL-7402 cell line and the mechanism needs further studying. In
addition to the effects from PDMS substrates on cell spreading,
the orientations of the cells along the ridges on the microgrooved
PDMS substrates are guided by the microgrooved structures. Many
types of cells have also been found to exhibit the similar response
to grooved substrates [2,20,28].

3.2. Characterization of cell spreading area, elongation, and
orientation

Based on the optical and fluorescence microscopy images, the
influence of nanopores and groove/ridge widths on cell morphology
and orientation was quantified by three parameters: cell spreading
area, elongation, and orientation angle (Fig. 4). The results for cells
cultured on the flat cell culture plate (average area:
933.3 ± 407.1 lm2, average elongation: 1.67 ± 0.54, average orien-
tation angle: 48.4o ± 28.1�) and the control alumina surface (average
area: 1032.6 ± 309.2 lm2, average elongation: 1.74 ± 0.44, average
orientation angle: 51.3o ± 26.9�) are not significantly different. For
the nanoporous AAM substrate, the projected spreading area of
the cells cultured on each substrate is significantly smaller than
the cells cultured on the control alumina surface. The average pro-
jected cell area of BEL-7402 was found to be 409.6 ± 124.8 lm2 on
the nanoporous AAM and 1032.6 ± 309.2 lm2 on the flat cell culture
plate (Fig. 4A). The significant decrease of projected cell area on the



Fig. 3. Scanning electron microscopy images of the BEL-7402 cells on flat PDMS surface and microgrooved PDMS surfaces. (A-1) BEL-7402 cells on flat PDMS surface; (A-2)
BEL-7402 cells on flat PDMS surface with higher magnification. (B-1) BEL-7402 cells on 10 lm width microgrooved PDMS surface; (B-2) BEL-7402 cells on 10 lm
width microgrooved PDMS surface with higher magnification. (C-1) BEL-7402 cells on 30 lm width microgrooved PDMS surface; (C-2) BEL-7402 cells on 30 lm
width microgrooved PDMS surface with higher magnification. (D-1) BEL-7402 cells on 50 lm width microgrooved PDMS surface; (D-2) BEL-7402 cells on 50 lm width
microgrooved PDMS surface with higher magnification.
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nanoporous AAM is consistent with the cell morphology changes
observed from the SEM images (Fig. 2C), and it should be due to
the decreased cell adhesion strength caused by the 140 nm nano-
porous structures as discussed before. The smaller cell spreading
area on the nanoporous surface than the flat surface was also found
on the PDMS substrate when we compare the cells on the nanopor-
ous PDMS surface (Area = 423.09 ± 73.14 lm2) with those on the
flat PDMS (Area = 599.9 ± 106.1 lm2). As shown in Fig. 4A, the pro-
jected cell spreading area on the flat PDMS surface is significantly
smaller than on the flat cell culture plate. This result is consistent
with the less-spreading morphology of cells on the flat PDMS sub-
strate observed using SEM (Fig. 3A). The projected cell area on the
microgrooved PDMS surfaces is 534.1 ± 141.9 lm2,
616.2 ± 121.2 lm2, and 679.8 ± 162.8 lm2 for the groove width of
10 lm, 30 lm, and 50 lm, respectively. No significant change of cell
spreading area was found on all these three microgrooved PDMS
substrates when compared with the cells on the flat PDMS surface
(599.9 ± 106.1 lm2). It implies that the microgrooves did not affect
the cell spreading area, and the smaller spreading areas of the BEL-
7402 cells on the flat PDMS substrates than on the flat cell culture
plate is mainly due to the PDMS material.

Fig. 4B and C show the analysis of the cell morphology changes
by studying the elongation value and orientation angle. The cells
cultured on the microgrooved PDMS substrates showed stronger
elongations than the cells cultured on the flat PDMS surface
(Fig. 4B). The cells aligned on all the microgrooved surfaces with
the average orientation angles around 7.9�, 11.8�, and 13.8� for
the groove width of 10 lm, 30 lm, and 50 lm, respectively
(Fig. 4C). The elongation and alignment of BEL-7402 cells on the
microgrooved surfaces are also supported by the SEM images
(Fig. 3B–D). The mechanism for cell elongation and alignment on
the microgrooved surface was explained by the combination of



Fig. 4. Quantitative analysis of the morphology of BEL-7402 cells cultured on flat culture plate, control alumina surface, nanoporous alumina surface (AAM), nanoporous
PDMS surface, flat PDMS surface, and microgrooved PDMS surfaces with different groove-widths after 24-h incubation: (A) cell spreading area, (B) cell elongation and (C) cell
orientation. The grooved depth on all the groove surfaces was 2 lm. Error bar = standard error of the mean (n = 40). (⁄p < 0.001, compared with control alumina surface;
+p < 0.001, compared with flat PDMS; #p < 0.001, compared with flat PDMS; ^p < 0.001, compared with flat PDMS.).

Fig. 5. Velocity of BEL-7402 cells cultured on the cell culture plate, control alumina surface, nanoporous alumina surface (AAM), flat PDMS surface, nanoporous PDMS surface
and micro-grooved PDMS surfaces with different widths after 24-h incubation: (A) Overall velocity of the cells on control plates and nanoporous alumina surface, and the cells
on flat PDMS surface and micro-grooved PDMS surfaces with different widths; (B) parallel (x) and perpendicular (y) component velocities of the cells on flat cell culture plate,
control alumina surface and nanoporous alumina surface, and the cells on flat PDMS surface and micro-grooved PDMS surfaces with different widths. The groove depth on all
the grooved surfaces was 2 lm. Error bar = standard error of the mean n = 10. (⁄p < 0.001, compared with alumina control surface; ^p < 0.00,compared with flat PDMS surface;
#p < 0.001, compared with corresponding x component velocity).
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Fig. 6. Displacements of representative BEL-7402 cells over 4 h on (A) flat cell culture plate; (B) control alumina surface; (C) nanoporous AAM (140 nm in diameter); (D) flat
PDMS substrate; (E) 10 lm width microgrooved PDMS substrate; (F) 30 lm width microgrooved PDMS substrate; (G) 50 lm width microgrooved PDMS substrate. In (E)–(G),
the horizontal axis represents the direction parallel to the microgrooves. Scale bar, 10 lm.
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promotion of cell marginal expansion along the ridges and inhibi-
tion of cell lateral expansion across the grooves [29]. This mecha-
nism can also be applied here to explain the morphology changes
of BEL-7402 cells on the microgrooved substrates. The cells on
the nanoporous AAM did not show any preferred orientation, and
displayed a rounded morphology. This should be due to the even
distribution of nanopores on AAM, and the reduced cell-substrate
adhesion of the cells on nanoporous substrate.

3.3. Characterization of cell migration speed and orientation

Cell migration of the BEL-7402 cells on the microgrooved and
nanoporous surfaces were studied using time-lapse microscopy
(Fig. 5). Compared to the overall velocity of cells on the flat PDMS
substrate (0.44 ± 0.13 lm/min), no obvious difference was found
on the overall velocities of the cells on the microgrooved PDMS sur-
faces, including 10 lm width microgrooved PDMS (0.67 ± 0.13 lm/
min), 30 lm width microgrooved PDMS (0.52 ± 0.09 lm/min) and
50 lm width microgrooved PDMS (0.56 ± 0.11 lm/min) (Fig. 5A).
The overall velocity of the BEL-7402 cells on the nanoporous AAM
substrate (0.34 ± 0.06 lm/min) is significantly faster than the cells
on the flat cell culture plate (0.15 ± 0.06 lm/min) and the cells on
the control alumina surface (0.13 ± 0.04 lm/min). Similar effect
was found when comparing the cells on the nanoporous PDMS sur-
face (0.84 ± 0.25 lm/min) and the cells on the flat PDMS
(0.44 ± 0.13 lm/min). The inverse relation between cell migration
speed and cell adhesion strength on various surfaces were observed
and reported previously [30–32]. Hence, the increased overall veloc-
ities of the cells on the nanoporous AAM and the nanoporous PDMS
should be attributed to the nanoporosity of the substrate surfaces.
The cells showed weaker adhesion on nanoporous surfaces, and
the weaker cell adhesion strength induced less spreading area of
the cells, which is consistent with the results shown in Fig. 4A. This
means the BEL-7402 cells on the 140 nm nanoporous structure can
achieve sufficient adhesion strength to maintain substrate contact,
but not to the extent that inhibiting the release of contacts. Thus,
the nanoporosity is responsible for the loss of adhesion and in-
creased velocity.

There was no difference between the x-axis and y-axis cell veloci-
ties on the flat cell culture plate (x direction: 0.10 ± 0.03 lm/min, y
direction: 0.10 ± 0.04 lm/min), control alumina surface (x direction:
0.10 ± 0.04 lm/min, y direction: 0.11 ± 0.05 lm/min), flat PDMS (x
direction: 0.29 ± 0.12 lm/min, y direction: 0.27 ± 0.08 lm/min),
nanoporous AAM (x direction: 0.21 ± 0.06 lm/min, y direction:
0.22 ± 0.05 lm/min), and nanoporous PDMS (x direction: 0.62 ±
0.21 lm/min, y direction: 0.55 ± 0.18 lm/min) as shown in Fig. 5B.
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Fromthedisplacementsoftherepresentativecells(Fig.6), thecellson
the nanoporous AAM surface migrate without preferred orientation
(Fig. 6C). This is similar to the cells on the flat cell culture plate
(Fig. 6A), the control alumina surface (Fig. 6B), and the flat PDMS
(Fig. 6D) because of no directional cues on these surfaces. For BEL-
7402 cells on all the microgrooved PDMS substrates, including
10 lmmicrogroovedPDMS(xdirection:0.56 ± 0.18 lm/min,ydirec-
tion: 0.26 ± 0.09 lm/min), 30 lm microgrooved PDMS (x direction:
0.45 ± 0.10 lm/min, y direction: 0.14 ± 0.02 lm/min) and 50 lm
microgrooved PDMS (x direction: 0.53 ± 0.13 lm/min, y direction:
0.16 ± 0.05 lm/min), the velocities parallel to the grooves (x direc-
tion) were higher than the velocities perpendicular to the grooves
(y direction). The tendency of cell migration along the grooves was
also found in other cell-groove interaction studies [16,33]. These re-
sults show that cells change their migration patterns in response to
the microgrooved substrates by moving along the direction of the
topography (Fig. 6E–G). We hypothesize that BEL-7402 cells respond
totopographybyorientingwithoutalteringtheirmotilitymachinery,
which is similar to the Schwann Cell [34], thus the cell movement is
directional but its mechanism, including actin-based cytoskeletal
dynamics, is not fundamentally altered. This would explain that the
BEL-7402 cells on the microgrooved PDMS surface migrated along
thegroovesdirection,andmaintainedalmostthesameoverallmigra-
tion speed as the BEL-7402 cells on the flat PDMS.

4. Conclusion

Substratum effect of micro-/nano-structured surfaces on hepa-
tic cells was studied. Our results show that BEL-7402 cell spreading
area was smaller and cell migration speed was higher on the nano-
porous surfaces (140 nm in diameter) than on the flat substrates,
while the cell elongation and angle were similar on both kinds of
surfaces. This result implies that nanoporous structures favour
BEL-7402 to exhibit sufficient adhesion strength, but not to the ex-
tent that inhibiting the release of contact. On the other hand, BEL-
7402 cells on microgrooved surfaces developed an elongated mor-
phology along the grooves, and migrated along the groove direc-
tion on all the microgrooved surfaces with different width. There
were no significant differences on the cell spreading area and over-
all migration speed comparing the cells on the microgrooved sur-
faces to the cells on the flat PDMS. The results indicate that BEL-
7402 cells respond to the microgrooved structures by orienting
along the grooves without altering their spreading area and overall
migration speed. There was no obvious pattern observed between
the cell behaviour of BEL-7402 cells and the groove width at micro-
scale. In summary, our results presented herein show that the
nanoporous and microgrooved structures exhibit totally different
influences on the cell morphology and migration behavior of hepa-
tic cell line. These findings are highly conducive to tissue engineer-
ing research and medical implant design.
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