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INTRODUCTION
Previous studies have shown that connective tissue is responsive to mechanical loading. Various in
vitro systems have been developed to study this phenomenon. One of such systems is based on
mechanical loading by uni-axial stress [1; 2]. Under the influence of uni-axial stress, cultured
fibroblasts have a tendency to orient themselves. Fibroblasts orientation begins within hours after
initiation of stretch, and the cells remain oriented for several hours after cessation of stretch. The
alignment is dependent on the cell type used, but in general is perpendicular to the stretch
direction [1; 3-10]. Earlier studies have proven that similar cell alignment can also be induced by
topographical clues. For instance, fibroblasts cultured on microgrooved culturing substrates align
along the grooves [11-16]. Topography can actively direct cell shape, and spreading. The cells are
capable of sensing the structural shape of their environment, and determine their form and
function appropriately. In both situations, various biological responses have been studied:
remodelling of actin cytoskeleton [6; 14; 17; 18], changes in cell proliferation [10; 17; 19-22], and
changes in gene expression and protein synthesis [23-27].
It is understood that the cellular response to stretching and microgrooves can interact [5]. Still,
numerous parameters have to be investigated to fully understand cell behaviour. Unknown is,
whether the observed effects still apply when fibroblast cells are seeded on different microgroove
dimensions, as used in the experiments by Brunette and co-workers [15], [28; 29] and by others
[19]. These researchers reported favourable tissue responses along certain types of textures, in a
range of animal studies. Simultaneous in vitro work showed that topographic features affect
cellular alignment, direction of proliferation, cellular attachment, growth rate, metabolism, and
cytoskeleton arrangement. Therefore, the production of extracellular matrix components of the
fibroblasts (collagen type I, fibronectin), and integrins, will also be investigated in this study as to
supply additional information.
The aim of this study is therefore to evaluate in vitro the differences in cellular behaviour,
between fibroblast cells cultured on smooth and microgrooved substrates, which undergo cyclic
stretching. Our hypothesis is that cellular shape and orientation is determined by the
topographical clues on the substrates. To ensure comparison to previous work two different
topographies were used: a 10 µm wide square-groove [30] [31]and a 40 µm wide V-groove [32; 33].
As controls, smooth substrates were used. Onto all substrates rat dermal fibroblasts (RDF) were
cultured. After mechanical loading the morphological characteristics were compared using
scanning electron microscopy to supply qualitative information on the spreading and orientation.
Immuno-staining of filamentous actin was visualised with fluorescence microscopy and cell
alignment was scored quantitatively. Finally, the expression of collagen type I, fibronectin, and
α1- and β1-integrin were investigated, as the primary molecules involved in cell- matrix adhesion.

MATERIALS AND METHODS
Substrates:
Silicone dishes were produced by mixing two-component polydimethylsiloxane (PMDS) Elastosil
601A en 601B (Wacker Chemie, Riemerling, Germany) in a ratio of 10:1. The silicone mixture was
poured into an acrylic dish-mold. The mixture was left for one hour for air bubbles to escape, after
which the mold was placed in an oven for 2 hours at 50 °C.
Microtextured patterns were photo-etched in a silicon wafer using lithographic and reactive ion
etching techniques as described by Walboomers et al [11]. Figure 1 shows the two different
topographies which were used in this study: a 10 µm wide groove/ridge, 1 µm deep (squaregroove) and a 40 µm wide groove, 5 µm wide ridge and 30 µm deep (V-groove). These silicon
wafers were used as templates for the production of silicone culturing substrates. After mixing of
the two components, pouring, and curing of the silicone, the silicone replicas were removed from
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the template. The obtained silicone substrates were bonded to the bottoms of the silicone dishes
described above, using room temperature vulcanising (RTV) silicone adhesive (Nusil Technology,
Carpinteria, CA, USA). The grooved substrates were attached either parallel or perpendicular to
the stretching direction (Figure 2). Smooth silicone substrates were prepared to serve as the
control group. Subsequently, all dishes were washed in a 10% solution of Liqui-Nox Detergent
(Alconox Inc., New York, NY, USA), sonificated in a 1% Liqui-Nox solution, rinsed extensively in
MilliQ-water, and autoclaved for 15 min at 121 °C. Just before cell culture, a radio frequency
glow-discharge (RFGD) treatment was applied for 10 min at a pressure of 2.0*10-2 mbar (Harrick
Scientific Corp., Ossining, NY, USA) to promote cell attachment by improving the wettability of
the substrates [34-38].
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Figure 1: Graphical presentation of a
cross section of template surface
topographies used in this study: (A)
10 µm square groove, and (B) Vgroove topography; here the wall
and floor of the groove meet at angle
of 120°. For clarity the drawings are
not to scale.

30µm
5µm
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Figure 2: Silicone dishes with
microgrooved substrates attached
on the bottom. (A) Grooves
parallel
(PL),
and
(B)
perpendicular (PD) to the
stretching direction. The culture
area of the microgrooved surfaces
is 3 x 6 cm.

Cell culture:
RDFs were obtained from the ventral skin of male Wistar rats [39]. To ensure quick and constant
availability, cells were cryo-preserved. Before experimentation, cells were thawed and cultured in
α-Modified Eagles Medium (α-MEM) containing Earle’s salts, L-glutamine, 10% foetal calf serum
(FCS), and gentamicin (50µg/ml). Cells were cultured in a CO2 incubator set at 37 °C in a
humidified atmosphere. Experiments were performed with 6 - 8th culture generation cells. Onto
all substrates, 1 × 104 cells/cm2 were seeded. After incubation of 1 h, the silicone dishes were
placed inside a custom-made stretching apparatus (Figure 3), as described previously [1; 3; 40; 41].
Different cyclic stretching magnitudes were applied: 0%, 4%, 8% at a 1 Hz frequency. Also, two
different stretch durations were applied: 3 or 24h. Directly at the end of each experimental run,
the RDF cell layers were washed three times with PBS and prepared for further analysis.

Scanning electron microscopy:
To assess cellular morphology of the fibroblasts, Scanning electron microscopy (SEM) was used.
Directly after stretching, cells were fixed for 5 minutes in 2% glutaraldehyde, rinsed for 5 minutes
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with 0.1 M sodium-cacodylate buffer (pH 7.4), dehydrated in a graded series of ethanol, and dried
in tetramethylsilane to air. The specimens were sputter-coated with gold and examined and
photographed using a Jeol 6310 SEM.
Figure 3: The stretching device
that was used to apply a uniform
cyclic strain of 4 or 8 % at 1 Hz
for several hours.

Immunofluorescence
To observe the cytoskeleton, cells were fixed for 30 minutes in 2% paraformaldehyde, and
permeabilised with 1% Triton X100 for 5 min. Then filamentous actin was stained with Alexa
Fluor 568 phalloidin (Molecular Probes Inc., Eugene, OR, USA) diluted in PBS containing 1%
Bovine Serum Albumin (BSA) to block non-specific epitopes, according to manufactures
specifications. Finally, the specimens were examined with a Leica/Leitz DM RBE Microscope
system at magnification of 10x. Cytoskeletal components were examined for their overall
morphology as well as their orientation with respect to the groove direction as described below.

Image Analysis
The fluorescence micrographs were analyzed with Scion Image software (Beta Version 4.0.2, Scion
Corp., Frederick, MY, USA). The orientation/distribution of the entire cell was examined. For
each sample four fields were selected randomly. Within each field two criteria were used for cell
selection: (1) the cell is not in contact with other cells and (2) cell is not in contact with the field
perimeter. Thereafter, on each cell within the field the following parameters were examined: first,
the maximum cell diameter was measured as the longest distance between two edges within the
cell borders. Second, the angle between this axis and the grooves (or an arbitrarily selected line for
smooth surfaces). This latter measurement will be termed the orientation angle. Using Clarks
criteria [42], cells oriented at 0–10 degrees from the groove direction were regarded to be aligned.

RT-PCR analysis
Total RNA was isolated from the RDFs with a RNA isolation and stabilisation kit (QIAGEN,
Hilden, Germany), and cDNA was synthesised from 1 mg of total RNA. After an initial
denaturation for 2 min at 95°C, the samples were amplified for 35 cycles, consisting of annealing
at 55 °C for 1 min, elongation at 72 °C for 2 min, and denaturation at 95 °C for 1 min. The
duration of the final elongation reaction was increased to 10 min at 72 °C to permit completion of
reaction products. The PCR products were separated on a 1.5% (w/v) agarose gel, and visualised by
ethidium bromide staining. Semi-quantitative analysis of band intensity was performed using
Quantity One 1-D analysis software for Windows (Version 4.5.0, Bio Rad, Hercules, California,
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USA) The RT-PCR products value corresponding to collagen type I (only 24 hours samples),
fibronectin, α1 integrin, β1 integrin were divided by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) value. The forward and reverse primer sequence can be found in Table 1.

Table 1: Forward and reverse primer sequences used in this study.

Statistical analysis:
Acquired quantitative data were analysed using SPSS for Windows (Release 12.0.1, SPSS Inc.,
Chicago, USA). The effects of and the interaction between both time or force and surface were
analysed using two-way analysis of variance (ANOVA). A probability (p) value less than or equal
to 0.05 was considered significant.

RESULTS
Scanning Electron Microscopy
SEM revealed that the pattern of grooves and ridges were perfectly reproduced in the silicone
rubber substrata (Figure 4). As observed earlier by Walboomers et al. [11], the ridges appear to
have an additional roughness due to the etching process, which is used to fabricate the original
silicon wafers. This roughness also was faithfully replicated onto the silicone substrata, indicating
the accuracy of the casting process.
When analysing cell morphology, SEM showed that the RDF cells aligned along the groove
direction on all grooved surfaces. On the smooth substrata (control) cells were spread out in a
random fashion. Cells cultured on the substrates with the more pronounced grooves (V-groove
substrate) seemed to be more clearly aligned than compared to square-groove substrates. The same
applied for cells cultured for the longer time period (24h) in comparison to the 3h culturing. The
cells cultured on square-groove substrate have a flat appearance and were able to descend into the
grooves, whereas the cells cultured on V-groove substrate were nearly always found on top of the
ridges. Their cell bodies frequently crossed over to the adjacent ridge, forming a bridge between
them.

Fluorescence microscopy and Image Analysis
Fluorescence microscopy clearly showed the actin filaments stained with phalloidin-TRITC
(Figure 5). Subsequent image analysis confirmed the cellular behaviour, as seen under the SEM,
i.e. while the RDFs cultured on grooved substrates in general show alignment along the grooves;
the smooth control samples do not induce any form of alignment. The quantified results for cell
alignment are presented as box-whisker plots (Figure 6). Such a graph shows the distribution
midpoint, the first and third quartile (boxes), and the largest and smallest observation (whiskers).
The effects of the main parameters are expressed as an alignment percentage of the total number
of cells, and are displayed in Table 2. Due to poor sample recovery no data was available for groups
S3H8, PDSQ3H4, and PLV24H0.
An ANOVA was performed on the data, for all main parameters: groove type, groove orientation,
stretch force, and time. In this analysis, all parameters proved significant, except stretch force.
Regarding groove type 82% of the cells were aligned along the V-grooves, combined with
prolonged culture time, and 76% of the cells in square grooves, compared to 19% of the smooth
substrates.
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Figure 4: SEM micrographs of RDFs cultured under various circumstances. Top row: smooth
substrates, 0% stretch force (left), 4% stretch force (centre), and 8% stretch force (left). Middle row:
square-groove substrates, 0% parallel (left), 8% parallel (centre), 8% perpendicular (right). Bottom
row: V-groove substrates, 0% parallel (left), 8% parallel (centre), 8% perpendicular (right).
All micrographs were taken from 24 hrs samples.

Figure
5:
Phalloidin-TRITC
fluorescence staining of the actin
filaments of rat dermal fibroblasts
cultured on a smooth silicone
substrate. Magnification x20. Bar
size = 10 micron.

With regard to groove direction; microgrooves perpendicular to the stretch direction elicit a better
alignment: 82% of the cells aligned on perpendicular orientation compared to 57% on parallel
orientation on V-grooves. On square grooves the percentages increased from 36% (parallel) to
77% (perpendicular).
The amount of stretching force does not influence cell alignment along the grooved topography.
The effect of stretch force from 0% to 4%, or from 4% to 8% is marginal. The percentages of
aligned cells are close to each other, average percentage differences are about 3-5%.
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Finally, the effect of time on the alignment percentage is minimal, but significant. 24 hour samples
show a higher alignment compared to their 3 hour counterparts; in smooth samples there is a 4%
increase in time, on V-grooves and square-grooves this is 9% and 22% respectively. It should be
noted that interaction of the parameters groove type and groove orientation makes exact
interpretation difficult.

Table 2: Percentages of aligned cells divided in
three subgroups. See Figure 6 for explanation of
abbreviations.

RT-PCR
The mRNA expression for α1-, and β1-integrins, fibronectin, and collagen type I of the RDF cells
was examined after each experimental run. An example of the visualised samples, separated on
agarose gel, can be found in Figure 7, while all RT-PCR sample product ratios are listed in Table 3.
With respect to the grooved samples; β1 levels in the 0% stretch force were lower than those in
the stretched samples. The Collagen Type I levels increased with higher stretch force. The smooth
control samples showed that most product values were equal to the household gene, except the
β1-integrin subunit in samples experiencing either 4% or 8%, stretch force. Also the α1-integrin
subunit decreased with higher stretch magnitude.
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Figure 6: Box-whisker plot showing the distribution of cellular orientation. Note that no orientation is
observed on the smooth samples and that orientation on grooved samples is dependent on the groove
type. PL = parallel, PD = perpendicular, SQ = square groove, V = V-groove, 3H and 24H stands for the
experiment time, and 0, 4, and 8 stands for the applied stretch force. For each parameter at least 300
individual cells were analysed.

DISCUSSION
The aim of this study was to evaluate in vitro the differences in cellular behaviour, between
fibroblast cells, cultured on smooth and microgrooved substrates, which undergo cyclic stretching.
From our data it could be concluded that independent of the stretch magnitude or whether the
microgrooves are oriented parallel or perpendicular to the stretching direction, the fibroblasts
primarily adjust their shape according to substrate surface (micro) features, whilst a secondary role
is played by mechanical loading.
Scanning electron microscopy, immunofluorescence staining, and subsequent image analysis all
confirmed that fibroblasts were oriented on both types of microgrooved surfaces. The shapes of
the groove surfaces were based on earlier studies. Although the exact confirmation of the grooves
differed, the rate of cellular orientation mainly was determined by increasing groove depth. This is
in accordance with earlier work of Clark et al. [42; 43]. There it was concluded that groove depth
is much more important in alignment of cells than the spacing of the grooves. Even when patterns
of nanometer scale were used, an increase in groove depth led to better orientation [16].
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n/a: not available

Table 3: RT-PCR semiquantitative analysis. Displayed are the ratios between the gene of interest
and the household gene GAPDH. See Figure 6 for explanation of group abbreviations.

In the current study, it was seen that cells on square-groove substrates were able to reach the
bottom of the 1µm deep grooves, whereas on the substrates with V-grooves the cells lost contact
with the bottom of the grooves. The cellular extensions probing the V-groove substrate surface
only find the top ridge, resulting in extension of the cellular body along these ridges. This
difference in behaviour might explain the variation in the orientation between the different
groove depths. Orientation is almost independent of groove spacing. There is only a small
dependency, probably caused by the fact that sometimes cells cross-over to other top ridges,
where part of the cell is extending in the same direction.
In our study, after 3 hours of stretch cellular orientation starts to commence, and after 24 hours
the cells have aligned themselves almost entirely along the grooves. This observation was also
noted by Neidlinger-Wilke and co-workers [3], studying only the exposure to cyclic stretch (i.e.
no surface texturing was applied). These researchers found that the degree of cell alignment
continued to improve up to 24 hours. Similarly, Walboomers et al [18] described early events
displayed by fibroblast cells on textured surfaces. In that particular study, it was found that cell
orientation on microtextures starts with the formation of abundant membrane extensions. These
are probable signs of exploration and probing of the surface by the cells. Since the cell is lacking

Figure 7: RT-PCR sample
example of parallel oriented
square-type grooves with 4%
stretch force, visualised on
agarose gel.

natural ECM, and neighbouring cells, these extensions are formed in all directions. Within hours,
the presence of suitable attachment sites is confirmed and contacts are established with deposited
ECM material. The cell flattens and spreads, and active filaments form longitudinal stress fibres
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[44]. In this study, it was evident that cellular orientation occurred immediately during the cell
spreading, and always was parallel to the grooves.
Cell movements or orientation as reaction to mechanical stress might be based on a comparable
mechanisms. But in contrast to the responses to microtextures as described above, the reaction
towards the mechanical loading can only occur after cell has attached and spread out over the
surface, and after the cell has established an inter-connective system of ECM, integrins, and
cytoskeleton. From our RT-PCR results it is clear that the production of these components is vital
for cells, so they have a mechanically resistant attachment support. This is indicated by the fact
that cells under mechanical stimulation show enhanced β1-integrin and collagen-I levels. The
cell-matrix interactions in cultured fibroblasts cells are almost solely mediated via receptors of the
integrin family. Upon recognition of the extracellular ligand, integrins start to cluster and become
activated, which results in recruitment of an array of proteins and the formation of the focal
adhesion complex (FAC), containing both cytoskeletal and signalling molecules [44-47].
Activation results in repeated (de)polymerisation series of actin, and finally the formation of stress
fibres. These structures establish a physical link between the ECM components and the
cytoskeleton via the integrins, thereby offering a continuous path acting as a mechanotransducer.
This “mechanosensing connection” is used by the cells to perform their mechanical functions as
for instance the orientation changes as response to the stretching. In vitro, cells are geared towards
a mechanical equilibrium between the tension of the ECM support and the stress in the cells, since
application of external tension or relaxation to the support is rapidly compensated by cell
relaxation or traction [45; 46].
From the image analysis it also became clear that substrates with microgrooves perpendicular to
the stretch direction elicit a better cell alignment. This is to be expected, since cells align along the
grooves, and their orientation is increased by turning away from the stretch direction. This is a
new finding, as Wang et al [5] recently reported that cyclic stretching of fibroblasts on
microgrooved surfaces did not result in changes of alignment regardless of the stretching
direction. In contrast, in our study we did see an additional effect of stretch vs. orientation.
Probably, if grooves are made small enough, there is a point where mechanical loading can
overrule clues delivered to the cells in the form of surface texturing. However, further research
will be required to establish such a threshold dimension for the grooves, as it will necessitate the
development of textures at a nanometer level. Such development is currently underway [48].
Several research groups did describe the effects of nanotopography, like Wojciak-Stothard et al [7]
who used microfabricated grooves and steps, 30-282 nm deep. Teixeira et al [49; 50] used grooves
with varying pitches between 400 nm and 4 µm, which were either 150 or 600 nm deep. Still, true
nanotechnology to achieve 1-20 nanometer patterns simultaneously in groove width, spacing, and
depth, needs to be developed yet.
Some of the issues that remain to be investigated are, whether the cytoskeleton or the cell
responses to environmental stimuli occur earlier. Cell orientation should be considered separate
from orientation of e.g. actin microfilaments. Shirinsky and co-workers [51] observed that actin
cytoskeleton is closely involved in the orientation process, yet when the orientation is completed,
the cells are no longer dependent upon that system to maintain their position. Moreover, the
relationship between the cytoskeleton and the intracellular signalling is a field in which further
research has to be conducted. It is known that the cytoskeleton is constantly remodelling to
provide a rapid reaction system for the cell to respond to changes in their mechanical
environment, and to supply the best possible way to maintain equilibrium with their
environment. For understanding cell reactions, we first need to understand when the reaction is
initiated, and in what cell parts: i.e. the focal adhesion complex with its membrane receptors, the
cytoskeletal components, or the interacting proteins of the cellular signalling.
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CONCLUSION
We can maintain our hypothesis, as microgrooved topography is most effective in applying strains
relative to the long axis of the cell. Actin microfilament rearrangement may predetermine the
subsequent alignment and elongation of the fibroblasts, which in turn can regulate fibroblast
attachment via the intracellular signalling pathways to the underlying membrane receptors. It is
here that the secondary effects of stretch force take place. How the mechanotransduction,
responsible for the cell orientation, actually works remains to be fully solved. The different forces
of uni-axial cyclic stretching combined with the two different loading conditions with respect to
the cells long axes may activate different mechano-transduction mechanisms, but the net result is
the same: i.e. reduction of mechanical resistance on the cells. The cell will choose the path of least
resistance, and adjust its shape to the strongest environmental clue.
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