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Summary

The basement membrane possesses a rich 3-dimensionalhighest percentage of adherent cells at the end of the

nanoscale topography that provides a physical stimulus,
which may modulate cell-substratum adhesion. We have
investigated the strength of cell-substratum adhesion on
nanoscale topographic features of a similar scale to that of
the native basement membrane. SV40 human corneal
epithelial cells were challenged by well-defined fluid shear,
and cell detachment was monitored. We created silicon
substrata with uniform grooves and ridges having pitch

dimensions of 400-4000 nm using X-ray lithography. F-
actin labeling of cells that had been incubated for 24 hours

adhesion assay. The effect of substratum topography was
lost for the largest features evaluated, the 4000 nm pitch.
Qualitative and quantitative analyses of the cells during
and after flow indicated that the aligned and elongated cells
on the 400 nm pitch were more tightly adhered compared
to aligned cells on the larger patterns. Selected experiments
with primary cultured human corneal epithelial cells
produced similar results to the SV40 human corneal
epithelial cells. These findings have relevance to
interpretation of cell-biomaterial interactions in tissue

revealed that the percentage of aligned and elongated cells engineering and prosthetic design.

on the patterned surfaces was the same regardless of pitch

dimension. In contrast, at the highest fluid shear, a biphasic

trend in cell adhesion was observed with cells being most Key words: Nanoscale topography, Cell-substratum adhesion,
adherent to the smaller features. The 400 nm pitch had the Epithelium

Introduction Brunette, 1986a; Brunette, 1986b; Flemming et al., 1999;
The extracellular matrix (ECM) provides support for cells ancRajnicek et al., 1997; Rajnicek and McCaig, 1997; Teixeira et
creates an environment where cells can interact with the#l., 2003). While the relationship between contact guidance
surroundings. The ECM has been reported to influence cedind cell-substratum adhesion has not been established, it has
shape, differentiation and growth (Abrams et al., 2002bbeen reported that the subpopulations of aligned and elongated
Flemming et al., 1999; Timpl, 1996; Timpl, 1989). All fibroblasts on microscale grooves have a higher production of
epithelial cells rest upon a specialized form of the ECM, knowrhe adhesive protein fibronectin as compared to nonaligned
as the basement membrane. Basement membranes have hgfis (Chou et al., 1995). Recently, contact guidance has been
reported to consist of filaments composed of collagen, laminipserved for corneal epithelial cells on uniform nanoscale
proteoglycans and other fibrils which form a complexgrooves and ridges (Teixeira et al., 2003). Teixeira and co-
nanometer sized topography of pores, fibers and ridg&§orkers also reported that focal adhesions formed on the
(Abrams et aI.,_ _2002a; Abr_ams et al.,.ZOOOg; Aprams et alyatterned nano- and microscale substrata. They also showed
2000b). In addition to providing chemical stimuli, basementy, s the morphologic characteristics of focal adhesions and

ge?t;;amhes thgﬁssriss?antg bigch s?(r:];?ec_glargetr:)g?hn:lovzlrjlrfiiﬁ;?eir orientation relative to the topographic features were
bograpny P phy y jrectly influenced by the sizes of the features and the culture

ﬁqeellr?].bgtggg gho;hevg?i?l?; neg;ﬁhaerlliiltop;ggshipshy ﬁ;\?easetgiﬁkvironment. Focal adhesions are associated with strong cell-

characterized, the mechanisms involved in influencing ceffnatrix associgtions (Woods and Cou'chman, 1988). ,
behavior, such as adhesion and migration, are not well On the basis of the above observations, we hypothesized that
understood (Curtis and Wilkinson, 1997). biological length scale topographic features have the greatest

Cell alignment and migration in response to micron andmpact in modulating fundamental cell behaviors including
nano sized grooved substrata, contact guidance, has bé@{l-substratum adhesion. Interestingly, while there have been
observed in many different cell types including epithelial cell8 number of studies that have investigated the adhesion of
derived from porcine periodontal ligament explants, explantsheets of cells on biologically relevant substrata (Evans et al.,
from human gingival fibroblasts, human corneal epithelial celld999b; Evans et al., 2003), we know of no previous studies to
and central nervous system neurites (Abrams et al., 2002quantify the strength of cell-substratum adhesion of single cells
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on topography with dimensions that model that of the nativéoth at a flow rate of 18 sccm were used to selectively etch the silicon

basement membrane. wafers. The gas pressure was 2 mTorr and the antenna power was 1.5
Thus, the aim of this study was to perform a quantitativiW. The power applied to the wafer chuck was 15 W, which

analysis of the adhesion of human corneal epithelial cells ofPrresponded to a bias voltage of —35 V. The antenna discharge, as

planar, nano- and microscale grooved substrata. X-r ell as the wafer chuck, was pulsed at a frequency of 33.3 kHz with
Iithogr:'zlphy was used to fabricate silicon substrata Witag()% duty cycle. After etching, the remaining resist was removed by

. - ; . ubmerging the wafers in piranha solution (70% ve$@h, 30% vol
uniform grooves and ridges ranging f“?m 400-4000 nm pitch 202) at 110°C for 30 minutes and rinsing repeatedly with deionized
Another unique aspect of this study is that through carefylyier.
substratum design and fabrication we produced single silicon To ensure uniform surface chemistry, a layer of silicon oxide,

chips containing a range of topographies, from nano- tapproximately 2 nm thick, was deposited on the wafers in a Low
microscale, that provides a better statistical assessment in theessure Chemical Vapor Deposition Reactor (LPCVD, University of
cell experiments. These substrata also facilitate in the seark¥isconsin-Madison). The wafers were then cut into rectangles
for transitions in cell behavior as features decrease from micr@reasuring 60 maB5 mm with a diamond saw (MicroAutomation

to nanoscale dimensions. The fact that the differing006, Woodcliff Lake, NJ, USA). The size of the substrata
eresponded to the size of the flow cell chamber. Before plating cells,

topographies reside in a single small chip decreases t i . ; -
probability of introducing confounding variables associatecI}‘Ehe surfaces were rinsedID minutes in deionized water and1d

. - ) .. __minutes in ethanol (Aaper Alcohol and Chemical Co., Shelbyville,
with small variations in the cells used and culture cond|t|on§<Y USA). The surfaces were then air dried in a laminar flow hood

in which the experiments were conducted. An SVAGq 29 minutes prior to cell plating.

transformed human corneal epithelial cell line [SV40-HCECs

(Araki-Sasaki et al., 1995)] was used as a model for corneal o

cell adhesion in vivo. SV40-HCECs have been reported t§urface characterization

exhibit similar growth and differentiation characteristics asScanning electron microscopy (SEM) and atomic force microscopy
primary cells, and to be non-tumorigenic (Araki-Sasaki et al. (AFM) were used to characterize substrata. A LEO 1530 electron
1995). The strength of cell-substratum adhesion was examind#croscope (Leo Electron Microscopy Inc., Thornwood, NY, USA)
with the use of a flow cell chamber. The flow cell chambePPerating at 5 kV and integrated with image analysis software was
produces well-defined shear forces and is able to mimic forc ed to characterize the surfaces. In addition, a Topometrix Explorer

imparted to corneal epithelial cells by the motion of blinking M (Center for Nanotechnology, University of Wisconsin-Madison)
! . equipped with carbon nanotube tips (Piezomax Technologies,
(King-Smith et al., 2000; Fatt, 1992). abp ps_( 9

h " 7 ) Madison, WI, USA) in intermittent-contact mode was used to verify
In his review of the architectural basis of cellular SEM measurements. The dimensions examined included the ridge and
mechanotransduction, Ingber proposed that the way in whicroove width and the depth of the groove structures (Fig. 1). The pitch,
the cell cytoskeleton is organized will itself alter the way inwhich is the periodicity of the structures, was used to define the
which the cell senses and responds to stresses (Ingber, 199@pographical area. For surface characterization, the experiment had
To investigate the possible interplay between shear forcéo factors: feature size and the different substrata used. Feature _size

adhesion, we analyzed the morphology of cells before and aftggmensions and the planar surface. The planar surface was used as a

exposure to shear forces induced by laminar fluid flow. W%)tg?rgi ;i(\)/re %?Jrgg?;;o\rlnveorgcuesllagttachment to patterned surfaces. A

report here that biologic length scale topographic features
profoundly impact cell-substratum adhesion.
Cell culture

. SV40-HCECs [from Dr Kaoru Araki-Sasaki, Kiniki Central Hospital,
Materlal_s and Methods Hyogo, Japan (Araki-Sasaki et al., 1995)] were grown to 90-95%
Preparation of nanoscale patterns confluence in 75 chculture flasks at 35°C with 5% GGn a
Silicon wafers were patterned with uniform grooves and ridges usinmodified, Supplemented Hormonal Epithelial Medium (SHEM;
X-ray lithography. The wafer surfaces were cleaned and primed witBigma-Aldrich, Co., St Louis, MO, USA). SHEM, which is made up
hexamethyldisilazane (Yield Engineering Systems, San Jose, Ceaf Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F-12, plus
USA) in a vacuum oven. UV6 photoresist (Shipley, Malborough, Map.5% dimethyl sulfoxide and 4Qug/ml of gentamycin was
USA) was spin-coated in a resist spinner (Solitec Wafer Processingupplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich,
Inc., San Jose, Ca, USA) onto the silicon surfaces at rotation spee@s.). Passages 29-34 of the SV40-HCECs were used for our
of 2000-4000 rpm to produce films 0.3-Quin thick. The coated experiments. After achieving the desired confluence, the cells were
surfaces were baked at 130°C for 90 seconds to remove residysssaged using 0.025% trypsin/0.01% EDTA for 10 minutes at 37°C
solvent from the polymer film and relax stresses. The photo resist wasd 5% CQ. Trypsin was then inactivated by the addition of FBS.
patterned on an X-ray Suss XRS-200/2M Stepper (Center fofhe cells were centrifuged for 3 minutes and then resuspended in 10
Nanotechnology, University of Wisconsin-Madison, USA). Patterningml of SHEM medium. Selected experiments were repeated with
was done by bringing the photo resist 25480 away from an X-ray  primary cultured HCECs using previously published methods
mask and exposing it through the mask. A post exposure bake wéEeixeira et al., 2003).
performed on the resist by heating at 130°C for 60 seconds on a hot
plate. The exposed and baked films were then immersed in developing
solution (MF320, Shipley, Marlborough, MA) for 60 seconds andAdhesion assay
rinsed in deionized water. SV40-HCECs were seeded to each substratum containing the seven
After resist patterning, reactive ion etching with a Helicon Etchingdifferent topographical areas: planar, 400 nm pitch, 800 nm pitch 1200
tool (Center for Plasma Aided Manufacturing, University of nm pitch, 1600 nm pitch, 2000 nm pitch and 4000 nm pitch. Cells
Wisconsin-Madison, USA) was used to create the three dimensionalere seeded at a concentration o4 ® cells/ml in 10 ml of SHEM
nanoscopic features on the silicon surfaces @fl GHoF4 gases  medium on each substratum in a 90 mm diameter Petri dish. This cell
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Fig. 1. Characterization of nanostructured surfaces. Scanning o | vessel
electron microscopy image of a cross-sectional view of the silicon ~ Parallel Plate Flow Chamber |
structures created by X-ray lithography. p, pitch; g, groove size; r, L | :
ridge size; e, etch depth. Scale bar: 400 nm. SZ Inverted substrate

with attached cells
Jl microscope pump

seeding density was found to be the optimal for ensuring maximur .
surface coverage and minimum cell-cell contact formation. The plate i)
cells were then incubated (37°C, 5% £r 24 hours. Preliminary !

experiments had indicated that a 24-hour incubation period we

necessary to ensure optimal cell attachment to the substrata.
Following incubation, cell adhesion was evaluated using afowce || | &

chamber (Fig. 2A). The flow cell had dimensions of 44x0.16 mn$ Imags capture
[length () x width (w) x height f)]. For one-dimensional laminar Rty
flow, the wall shear stress is given as in Bird et al. (Bird et al.,
1960): B

6uQ 5 T T T 80

W @ i j 5

wh? === Flow rate (ml/s) I <70
wherey is the fluid viscosity and Q is the volumetric flow rate. At the 4 : P e
maximum volumetric flow rate used, 4.64 ml/second, the entranc - 60 <
length was found be less than 5% of the chamber length allowing f )
uniform laminar flow over the entire length of the chamber (Bird ef @ gl 150 &
al., 1960). £ 2

Two distinct sets of testing conditions were used to examine ce % 140 2

adhesion. In the first set of conditions, after incubation, cells wer 3% ISR U OSSO SRS NI ﬁ
subjected to steps of increasing shear force (Fig. 2B). During th [ i 130 5
course of the assay, cells on each of the seven different topographic |  f======= . e
areas on the substratum were viewed and imaged using a Ze D] 20
Axiovert 200/200M microscope (Carl Zeiss Microimaging, , . ‘
Thornwood, NY, USA). The area of analysis was located at the cent ] =====\Vall shear stress (Pa) | 110
of the flow cell chamber. Before the onset of flow, the computer drive ; i ; ;
stage was used to place the center of the patterned region under 00 5 10 15 20 250

microscope lens. The stage position was saved and an image of
cells in this region was captured. AXl@bjective and a 1.00optovar
corresponded to an image area of 1.34%ramd a cell count of 35- Fig. 2.(A) Schematic of flow cell and image capture and analysis
45 cells. Using the memorized positions, an image of the cells wagystem. Fluid is circulated by the peristaltic pump, through the
taken every 5 minutes, immediately prior to each increase in fluidamping vessel and into the parallel plate flow chamber to yield
shear. In the second set of conditions, after incubation, adherent celisiform shear on the substratum. The damping vessel serves to
were exposed to a constant shear stress of 10 Pa for 15 minutes &educe pulsatile flow. (B) Profile of the calculated volumetric flow
then fixed. The total number of adherent cells on each patterned regiand associated wall shear stress that cells were exposed to. The
was then determined. circulating fluid for this profile was DPBS solution.

Time (minutes)

Effect of shear stress on cell morphology incubation period and at the end of the adhesion assay. F-actin in
To investigate the possible relationship between cell morphology an@8V40-HCECs was labeled with fluorescently tagged phalloidin. The
cell adhesion, we quantified the number of aligned and elongated cetiells were then rinsed with Dulbecco’s phosphate-buffered saline
before and after flow. We used analytic techniques similar to those gDPBS; BioWhitaker, Walkersville, MD) and fixed in 4%
Teixeira and co-workers (Teixeira et al., 2003) to determine the totgaraformaldehyde (Electron Microscopy Sciences, Washington, PA,
number of adherent cells and cell morphology both after the 24-howSA), 5% sucrose in 10 mM phosphate buffered solution (pH 7.4) at
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room temperature for 20 minutes. The cells were then permeabilizéfable 1. Average surface dimensions of the nanostructured
with 0.1% Triton X-100 (Sigma-Aldrich, Co.) in DPBS for 5 minutes surfaces
and blocked with 1% bovine serum albumin (Sigma-Aldrich, Co.) in

DPBS for 20 minutes. Actin filaments were labeled by incubating the _ Su"face Ridge size (r), nm Groove size (g), nm
cells with 5pg/ml of TRITC-phalloidin (Molecular Probes, Inc., 400 nm pitch 222421 176+19
Eugene, OR) in DPBS for 30 minutes. The cells were then rinsdl 3 800 nm pitch 453+18 344+18
minutes in DPBS. After rinsing, the cells were incubated inu643 1200 nm pitch 680+52 51154
4' 6-diamidino-2-phenylindole (DAPI; Molecular Probes, Inc.) in %ggg nm pitch 932+31 664+29
. . . nm pitch 1133+26 863+36
DPBS for 10 minutes to stain the nuclei. The substrata were then ;500 nm pitch 2150457 1835451
coated with Antifade (ProLong Antifade Kit, Molecular Probes) and
covered with a glass coverslip. The average depth (e) was approximately 400+150 nm; owing to diffusion

The fixed and stained cells were imaged and analyzed for numbémitations in the etching process, the large pitches had higher depth values.
orientation, elongation and projected area using fluorescenddeants.e.mn=5.
microscopy (Carl Zeiss Ltd). An area of 4 fmas examined for
each topographical area. KS image analysis software (Carl Zeiss Ltd)
was used to evaluate the orientation angle, major and minor axes an

pixilated area of individual cells (Teixeira et al., 2003). Cells Wereppthe five different substrata taken by SEM and AFM is shown

considered aligned if the orientation angi&0°. Cell elongation was N Table 1. The variability between the groove and ridge sizes
characterized by an elliptical form factor, which is calculated as th@N our patterns is probably due to the quality of the mask
length of a cell divided by its width. Cells were considered elongategtructure. Our measurements indicated that etch depth varied
if the elliptical form factor=1.3. Assuming position on the surface with pitch size. An increase in pitch size from 400 to 4000 nm
did not affect cell morphology we obtained replicates by determiningorrelated with an increase in groove depth, from
the percentage at different positions on a specific topographical aregpproximately 250 nm to 600 nm. We assumed that the
To ensure that the force felt by the cells was essentially the sanggfferences in groove depth between the substrata were not
for all feature sizes we sought to determine the cell-substratum Comaéibnificant in subsequent cell assays. Therefore, our

area and the thickness of the cell. SEM analysis was performed . o I
SV40-HCECs incubated for 24 hours on the seven patterned areas?ﬁneasurements confirmed expected fabrication specifications

brief, the cells were rinsed in 0.1 M cacodylate buffer for 10 minutegOr substrata to be used in subsequent assays.
and fixed in 3% glutaraldehyde in cacodylate buffer (Tousimis Corp.,
Rockville, MD) for 2.5 hours. Following fixation, the cells were rinsed .
in cacodylate buffer and post-fixed in 1% osmium tetroxide (Tousimi&f€Ct of substratum topography and fluid flow on cell
Corporation) for 1 hour. Subsequently, the cells were dehydrated fMorphology and adhesion
graded ethanol (70-100 vol%) and immersed in hexamethyldisilazarfe-actin staining revealed morphologic changes in SV40-
for 10 minutes. Finally, the cells were coated with 2 nm of platinuntHCECs associated with the presence of a patterned substratum.
and imaged using SEM. _ Analysis of our results indicated 35-45% of SV40-HCECs
Cell thickness prior to the adhesion assay was assessed by %‘I'igned and elongated (orientation angl&0° and elliptical
membrane labeling and fluorescence confocal microscopy. Aftel,m factor=1.3) in the direction of the grooves of each of the
incubation cells were rinsedk20 minutes in DPBS. The cells were )
then incubated in Lig/ml Dil solution (1,1-dioctadecyl-3,3.33- patterned surfaces (data not shown). In contrast, cells on the
tetramethylindocarbocyanine perchlorate: Molecular Probes) for §lanar surface were rounded and the percentage of aligned and
minutes at 37°C, 5% Cgand then incubated at 4°C for 15 minutes. €longated cells on this surface was below 5%. There was no
Following incubation, the cells were rinsed fox1® minutes in  Significant difference R<0.05) detected in the numbers of
DPBS, mounted with Antifade (Molecular Probes) and examinedells aligned and elongated among the different pitch
using a confocal microscope (Bio-Rad MRC-1024 laser scannindimensions on each substratum. In agreement with the findings
confocal microscope; Bio-Rad Laboratories, Hercules, CA, USA)of Teixeira and co-workers, aligned and elongated cells on both
The thickness of the cell was measured by focusing Of:l the apicme p|anar and patterned surfaces were found to have on
membrane and the basal membrane and then subtracting the baé@érage a higher projected area than the cells with a more
from the apical z-distance. rounded morphology (Teixeira et al., 2003) (data not shown).
Morphological changes related to substratum topography
Statistical analysis detected by fluorescence microscopy were confirmed by SEM
A two-way ANOVA test was used to reveal whether any of the@nalysis. Fig. 3 shows images of fixed SV40-HCECs on the
experimental groups were affected by topography and wall she@lanar surface (Fig. 3A) and on the 400 and 4000 nm pitches
stress and also to examine possible interactions between flow affdig. 3B). Cross-sectional SEM analysis revealed that cell-
topography in modulating cellular responses. A statistical analysisubstratum contacts were restricted to the tops of the ridges.
using Student't-test was performed in cases where experiments werplowever, the presence of filopodia and lamellipodia in the
Carl’_ieq out at |eaSt in triplicate. A level BEQ.05 was accepted as grooves and ridges of the patterned surfaces (F|g 3C) were
statistically significant. observed at the cell periphery of the leading and rear edge of
aligned and elongated cells. This is consistent with published
work from our laboratories investigating primary corneal
o epithelial cell behavior on similar surfaces (Teixeira et al.,
Surface characterization 2003). Confocal microscopic studies revealed, on average, cell
We observed uniform grooves and ridges across the entithickness was not statistically different among the seven
patterned regions. A representative SEM cross sectional vielopographical areas (G5°<0.80). The mean thickness of
of the patterned surfaces together with characteristic featu®@v/40-HCECSs on all the topographical areas was 6.24M5
dimensions are shown in Fig. 1. A summary of measuremeng&ubsequently, SEM and confocal microscopy revealed that the

Results
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Fig. 3. SEM images of adherent SV40-HCECs on the surfaces. (A) Planar surface. (B) Patterned surfaces: (i) 400 nm pitch, (ii)tdb00 nm p
(C) Tip of an elongated cell: (i) 400 nm pitch, (ii) 4000 nm pitch.

cell-substratum contact area and the cell thickness weiltustrated in Fig. 5. The numbers were calculated from the
essentially the same for all patterned feature sizes and plararerage of four patterned and planar regions. For clarity, only
surfaces. the planar, 400 nm pitch, 1200 nm pitch, 2000 nm pitch and

Substratum topography led to changes in cell-substratud000 nm pitch are represented in Fig. 5A,i. Differences in cell
adhesion after 24 hours of incubation. Fig. 4 presents imagastachment were most pronounced at the highest wall shear
of cells before and after exposure to fluid shear. Images of ttstress. Cell attachment at the highest wall shear stress was
populations of SV40-HCECs taken before flow (Fig. 4A,C,E)suggestive of a biphasic response to pattern feature sizes (Fig.
and during maximum flow (Fig. 4B,D,F) show a decrease ibAii). At substratum pitch less or equal to 1200 nm, a much
the number of attached cells in response to the applied forcgreater cell adhesive response to the applied fluid shear was
We also observed that the number of detached cells wadbserved as compared to a pitch size equal to or greater than
dependent on the surface topography. We did not obserd&00 nm. On the 400 nm pitch surface, at a wall shear stress
cellular debris or ‘ghost cells’ usually associated with cohesivef 80 Pa, 66% of the initial cell population remained attached,
failure of the cell due to the applied force (Richards et al.which was significantly higher than the attachment on the 1600
1995). The most dramatic difference in cell attachment aftenm pitch surface (38% cell attachmept0.008), the 2000 nm
maximum flow was between the 400 nm pitch and the planaiitch surface (39% cell attachme®=0.002), the 4000 nm
surfaces (Fig. 4B,F) and between the 400 and 4000 nm pitglitch surface (41% attachmen®=0.041) and the planar
surfaces (Fig. 4B,D). surface (38% cell attachmeri=0.005). At each of the wall

A quantitative analysis of cell detachment as a function ofhear stresses sampled, the planar surface was statistically
wall shear stress confirmed these initial findings. Thendistinguishable from the 4000 nm pitch (0s23<0.81).
percentages of adherent cells in response to the fluid sheafThe same trends in cell detachment were observed for cells
profile in Fig. 2B on the different topographical areas areindergoing continuous fluid shear (10 Pa) in SHEM medium
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Before Flow After Flow

groove
direction

400 nm pitch

4000 nm pitch

Fig. 4.Images of SV40-HCECs on

the patterned and planar surfaces
prior to and after exposure to

uniform fluid shearBefore Shear:

(A) 400 nm pitch, (C) 4000 nm pitch 5
(E) planar surface. Insets in A, C ancE
E show typical cell morphology on =
these surfacegfterFlow(maximum
wall shear stress of 80 Pa): (B) 400
nm pitch, (D) 4000 nm pitch, (F)
planar surface. Scale bar: 10@.

for 15 minutes (Fig. 5B). A comparison of cell detachment orexponentially with increasing surface roughness (Granick et
the planar (data not shown) and the patterned surfaces (Fig. 5&), 2003). Using the guidelines outlined by Stroock and co-
indicated that the response of primary cells to topography isorkers, we calculated the effect of the patterns on the no-slip
similar to that of the SV40-HCECs. The trends in cellboundary conditions (Stroock et al., 2002). The slip velocity
attachment shown in Fig. 5 were observed for each substratufor flow parallel and perpendicular to the grooves was
demonstrating that the smaller topographic features led to &10x10%-7.53«102 m/second and 2.53802-3.7%1072
increased ability of cells to adhere to the substratum. m/second, respectively. These values were considered
Preliminary experiments indicated that the directionality ofnegligible in modulating the wall shear stress (they accounted
the flow with respect to the main axis of the patterns did ndbr a difference of 0.21-0.41% from the no-slip wall shear
influence the experimental outcome (data not shown). Istress) and are in agreement with our experimental observation
addition, a statistical analysis of the interaction effect betweethat the orientation of the main axis of the patterns relative to
topography and fluid shear as determined by a 2-way ANOVAhe direction of fluid flow had no significant influence in
was not significant at the 95% levdP<0.7). The model modulating the flow conditions. In subsequent experiments
equations used to calculate the wall shear stresses are basedl@n was directed parallel to the grooves because of chamber
the no-slip boundary condition, which means that the fluid aand substratum design specifications.
the solid surface has no velocity (Bird et al., 1960). The critical By sequentially imaging individual cells, we observed the
shear stress and shear rate at which the no-slip boundatynamics of cell deformation in response to the applied shear
condition fails to apply has been observed to increastorce (Fig. 6). Cells on planar surfaces were mostly round
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Fig. 5. Percentage of adherent cells increases with decreasing pitch
size. (A) SV40-HCEC adhesion using DPBS solution as circulating
medium and a stepped-up fluid shear stress profile. Percentage of cell
attachment on the seven topographical areas at all the wall shear
stresses sampled. Meanzts.end. (ii) Percentage of cell

attachment on the seven topographical areas at 40 and 80 Pa wall
shear stress. Meanzts.ens4. Total cell count for each

topographical area was approximately 160. Asterisks indicates
significantly different mean$?&0.05). (B) SV40-HCEC adhesion
using SHEM media solution as the circulating medium and a
constant fluid shear stress of 10 Pa. Representative populations of
cells before (i) and after (ii) fluid shear. (C) Comparison between
primary and SV40 human corneal epithelial cell attachment on the
400 nm pitch after fluid shear as shown in Fig. 2B.

before flow (Fig. 6A) and assumed a teardrop outline after flowefore flow (Fig. 6F) were more resilient to the applied fluid

(Fig. 6B-E). For planar surfaces a larger drop in the number ahear (Fig. 61,J). At wall shear stresses equal to and greater
adherent cells was observed at a wall shear stresses of 40tRan 40 Pa, the cells on the 400 nm pitch were observed to
(Fig. 6D). The cells on the 400 nm pitch that were elongatedssume a globular shape. In addition to displaying a similar



3160 Journal of Cell Science 117 (15)
Planar 400 nm pitch 4000 nm pitch

No Flow

20 Pa

40 Pa

60 Pa

Fig. 6. Time-lapse images of cells on

the 400 nm pitch, 4000 nm pitch and

planar surface as they experience

fluid shear stress: (A,F,K) No Flow

(static conditions). (B-O) Wall shear

stress of 20 Pa (B,G,L), 40 Pa 80 Pa
(C,H,M), 60 Pa (D,I,N), 80 Pa

(E,J,0). Arrowheads indicate

position of detached cells. Scale bar:

50 pum.

detachment profile to the planar surface, cells on the 4000 noompatible with two distinct scenarios. The first is that aligned

pitch (Fig. 6L-P), including the elongated ones, also developecklls are less adhesive than non-aligned cells and hence easier

a tear drop morphology after the onset of flow. To investigateo detach. The second is that aligned cells become more

the possible relationship between elongation and cell adhesiomaligned. Sequential imaging of the cells (Fig. 6)

we quantified the number of aligned and elongated cells befoteemonstrated that aligned cells seem to loose their alignment

and after flow. under high fluid shear on the 400 nm pitch but were more
Analysis of our results indicated that the percentage adidhesive than cells that were not aligned prior to the onset of

aligned and elongated cells decreased considerably after fldlew. On large feature sizes (the 4000 nm pitch) alignment did

on both the nano- and microscale patterned substrata (Fig. Apt correlate with adhesiveness.

Prior to flow, 40% and 33% of the cells were aligned parallel

to the grooves on the 400 nm and 4000 nm pitch surfaces, )

respectively. After a systematic increase in wall shear (Fig2iscussion

2B), the percentage of aligned and elongated cells decreaderkvious studies over the past two decades have suggested that

to 4.2% and 7.3% of the original cell population for the 40Ghe underlying substratum topography influences cell

nm and 4000 nm pitch, respectively. The data seem to Heehaviors including proliferation, migration, and adhesion by
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Wnumber of cells adherent reinforce the perception that orientation and elongation are

beforeflow coupled morphological changes for cells on patterned surfaces.

B number of cellsaligned Teixera and co-workers also observed that cell-substratum

100, and dongated beforeflow — ajhesion was restricted to the tops of the ridges and that
Onumber of calls adherent filopodia in primary HCECs adhered to the grooves and ridges

801 after flow of patterns for all pattern dimensions. Evans and co-workers,
2 Bnumber of cellsaligned found that basement membrane and hemidesmosomal plaque
9 60/ and elongated after flow components in epithelial tissue were restricted to the areas
E between the pores for pore sizes 400-2000 nm thereby
E 40 restricting cell-substratum contacts to the regions between the
= pores (Evans et al., 1999h). Other investigators have reported

201 cell alignment and elongation for different cell types on

microscale grooves. Evans and co-workers observed that fetal

0 = ‘ ‘ and neonatal myoblasts aligned parallel with the direction of
400 mm 4000 mm Planar 2.3-6.0 micron deep grooves (Evans et al., 1999a). Brunette

Pitch/Surface Texture and co-workers found alignment, elongation and migration of

Fig. 7. Populations of oriented and elongated cells before and after €Pithelial cells parallel to v-shaped microgrooves (Brunette,
flow and the number of cells still adherent at maximum wall shear 1986b). They also reported an increase in alignment and
stress. The numbers are based on 100 adherent cells before flow. TiReomotion with increasing groove depth. In addition, rat
total number of cells analyzed was approximately 200 for each typedermal fibroblasts (den Braber et al., 1996), central nervous
of topography sampled. Meanzs.emr4. system neurites (Rajnicek and McCaig, 1997) and baby
hamster kidney cells (Britland et al., 1996) have also been
reported to align and elongate parallel to the long axis of
both direct and indirect interactions (Abrams et al., 2002bimicron scale grooves.
Brunette, 1986a; Brunette, 1986b; Brunette and Chehroudi, In support of our findings, Teixeira and co-workers also
1999; Curtis and Wilkinson, 1998; Evans et al., 1999b; Ingbefpund no change in primary HCEC alignment for the pitch
1997; Meier and Hay, 1975; Oakley and Brunette, 1995dimensions of 400 to 4000 nm but observed an increase in cell
Teixeira et al., 2003; Wojciak-Stothard et al., 1996; Wojciak-alignment with increases in groove depth (Teixeira et al.,
Stothard et al., 1995). Corneal epithelial cells interact with 2003). In our experiments we found groove depth between
complex basement membrane composed of proteoglycarzatterned regions to vary by 150 nm. The greatest depth was
collagen fibers and multi-adhesive matrix proteins which fornassociated with the largest patterns (4000 nm pitch). It would
a rich three-dimensional structure with characteristic nanoscalee expected, for these surfaces, that experimental conditions
dimensions (Abrams et al., 2002a; Abrams et al., 2000ayould favor finding a more positive effect for largest feature
Abrams et al., 2000b). In order to elucidate how corneadize. This was not observed, adding to the robustness of our
epithelial cells are influenced by the underlying topography, wéndings.
applied a biologically relevant model system to examine cell- Biological functions of adherent cells are partly regulated
substratum adhesion. We hypothesized that topography withrough cell shape and deformability. The physical state of the
nanoscale dimensions, which closely approximate the size &CM has been reported to affect the cell shape. Huang and
in vivo topographical features found in the native basemerigber demonstrated that the control of cell shape using
membrane, would better support epithelial cell attachment dabricated substrata coated with fibronectin led to controlled
compared to planar surfaces or surfaces with microscaleell cycle progression (Huang et al, 1998). Streuli
dimensions. demonstrated that mammary gland epithelial cells in vitro that
We fabricated silicon surfaces with uniform groove andadopted a cuboidal morphology expressed higher leves of
ridge patterns with dimensions ranging from 400-4000 nntasein than cells that were induced to spread out (Streuli et al.,
pitch using X-ray lithography. Light and scanning electron1991). Chen and co-workers demonstrated a relationship
microscopy of corneal epithelial cells showed that prior to flonbetween cell cycle progression, cell-ECM contact area and cell
approximately one third of the cell population was aligned andpreading on micropatterned substrata (Chen et al., 1997). It
oriented in the direction of the grooves and that cell-substratufmas been proposed that since the ECM physically connects with
contact was restricted to the tops of the ridges for all featuthe cytoskeleton, its mechanical properties may contribute
sizes. Our findings are similar to those reported by Teixeira argignificantly to the mechanotransduction response (Ingber,
co-workers, where up to 35% of primary HCECs were found997). Therefore, the physical state of the ECM affects cell
to orient in the direction of the groove ridge with the same pitclshape and may subsequently determine changes in adhesion.
dimensions as those used in the present study (Teixeira et dlhe ECM components deposited by the overlying cells take on
2003). Teixeira and co-workers reported that 11% of primaryhe physical form of the substrata and this may provide the
HCECs oriented in a preferred direction on the planar surfacgsysical stimulus that is needed to change cell morphology and
while we found that approximately 5% of SV40-HCECs orientassociated events such cell-substratum interactions. We
and elongate in a preferred direction on the planar surfaceseasured the adhesive strength of HCECs while simulating the
The difference in percentages between our study and that byechanical forces they are subjected to in vivo by challenging
Teixeira and co-workers is that they isolated orientation anthe adherent cells to a well defined fluid shear and monitoring
elongation from one another while we have used both asthe number of adherent cells as a function of wall shear stress.
measure of cell morphology. Subsequently, our findings In our analyses we considered that cell detachment was
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primarily due to the failure of cell-substratum interactions anc 35 T T 100
not to cohesive failure (Richards et al., 1995). This is supporte £
by the fact that we did not observe any cell debris or ‘ghos g ¥ 7T & number of cdlls | 3
cells’, which are associated with cell rupture, during the cours S o | e number of €=
of our adhesion assays. Cohesive failure occurs when she NE discontinuities 29
forces are greater than the cohesive strength of the cell. Tl < 20 + T 60 95 =
fact that we observed the same adhesive response with resg S 53
to substratum topography using a stepped up fluid shear stre g 157 14 g E
and a low constant fluid shear stress seems to indicate that § 10+ 2 (%
primary action of the applied force was to cause failure in cell = % 1 %
substratum interactions. Furthermore, human corneal epitheli © 51 5
cells in vivo are exposed to shear stresses that a 5
approximately three times greater than the maximum she 0 . * * * *& * t——0
stress used in our experiments, without cell rupture occurrin & & §

(King-Smith et al., 2000; Fatt, 1992). While we did not explore & §® q§9 §59 Q\é\

the precise nature of the cohesive strength of HCECs, w
deduce that it is much larger than the forces applied in oL.
experiments We therefore feel it reasonable to assume that tiig. 8. The effect of surface discontinuities on cell adhesion on the
main action of the applied force was to disrupt cell-substraturdifferent feature sizes. Both the average number of discontinuities
contacts. that a cell interfaced and the number of adherent cells present after
The increase in the number of adherent cells on the 400 nffPosure to a wall shear stress of 10 Pa for 15 minutes are presented
i pten, s compared 10 h planrsriaceand et e 8 G e o S e
with 800-4000 nm pitches supports our hypothesis that cel cells on the different topographical areas. For SEM analysis the
would adhere better on a substratum that had features that m%{%u number of cells examined was 25. Mean+s.esn<d7.
closely approximate the native corneal basement membrane. A
clear biphasic trend was observed, with increased cell adhesion
on smaller feature sizes. Our statistical analysis showepography. It is possible that within the time frame of the
significant differences between the 400 nm pitch and the 40CQ@lhesion assays, fluid shear stress and topography were acting
nm pitch patterns and between the 400 nm pitch pattern aia concert to modulate cell adhesion. Corneal epithelial cells
the planar surface. Adhesion of HCECs on the 4000 nm pitdn their natural environment are constantly under fluid shear
was statistically indistinguishable from adhesion on the planand it is possible that fluid shear enhances cell-substratum
surfaces. adhesion. Qualitative analyses of images taken during flow
In support of our findings, Evans and co-workers also foundemonstrated changes in cell morphology. It is possible that
differences in adhesion when groups of cells were plated ashear stress was not only causing the failure of cell-substratum
nanoscale features as compared to microscale features (Evamgractions but may have been causing a reorganization of the
et al., 1999b). Their investigation on epithelial tissue adhesiocellular cytoskeleton on the patterned surfaces. These changes
to porous polycarbonate surfaces revealed that confluent ceftsay enhance the ability of the cells to withstand fluid shear.
on the smallest pore size, 100 nm pores, had the higheBhe time lapse images demonstrated that the aligned and
number of hemidesmosomes. In addition, cells plated oaslongated cells on the 400 nm pitch had a greater ability to
surfaces with microscale pores were unable to form or had vewyithstand fluid shear. The adhesive interactions of the
few hemidesmosomes. This study and a subsequent study elongated and aligned cells on the 4000 nm pitches were not
the effect of pore density used sheets of epithelial cells (Evassable and were seen to fail easily, resulting in cell detachment
et al., 1999b; Evans et al., 2003) and found that cell-cebf both the round and elongated cells.
signaling influences cell behavior. Our study, in contrast, was F-actin protein labeling, after flow, demonstrated a
focused on individual cells. Nonetheless, the results we hawgnificant decrease in the number of aligned and elongated
obtained for single cells are interesting in that they may beells on both the 400 and the 4000 nm pitch patterns after flow.
relevant to how the behavior of individual cells relates to th&Vhile, it may be possible that cellular reaction to the applied
behavior observed in confluent cells. shear stress in the elongated and aligned cells on the 400 nm
It has recently been reported that the highest cell attachmepitches is to spread perpendicularly to the grooves we were not
in rat epitenon fibroblast cells is at the groove ridge transitionable to detect this through our time-lapse images. We propose
(Curtis et al.,, 2001). The discontinuities on our patternedhat the shearing action of the fluid is causing the rupture of
surfaces may contribute to increased adhesion by providingell-substratum linkages that are responsible for aligning and
more available binding sites that ensure favorable cellelongating the HCECs on the 400 nm pitch without entirely
substratum adhesion protein conformations. Using SEM imagghearing the cells off. This is possibly due to the strong cell-
analysis the number of discontinuities a cell interfaces with osubstratum interactions on the nanoscale patterns. Conversely,
the 400 nm pattern is 74 and on a 4000 nm pitch pattern is nitige cells on the 4000 nm pitch have weaker adhesive
(Fig. 8). The smaller the pitch, the greater the numbers dfhteractions and are easily sheared off regardless of cell
groove/ridge transitions that are in contact with the cells anthorphology.
subsequently, the stronger the attachment. In spite of our finding that there is no statistically significant
In assessing the results from our adhesion assay, we assuni@édraction between topography and fluid shear we cannot
that the only physical stimuli that cells received were from theotally discount the mechanotransduction effect of fluid flow

Surface Texture/ Pitch
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on the strength of adhesion to our substrata. Davies and cgird, R. B., Stewart, W. E. and Lightfoot, E. N. (1960). Velocity
workers demonstrated that the application of fluid stress to thedistributions in laminar flow. Ifransport Phenomena. 62. New York,
apical membrane of vascular endothelial cells resulted in tIENY- Wiley.

toskelet bei lled inst its fixed b | tact itland, S., Morgan, H., Wojiak-Stodart, B., Riehle, M., Curtis, A. and
Cytoskeleton being pulled aganst Its Tixe asal con aCSWiIkinson, C. (1996). Synergistic and hierarchical adhesive and

resulting in dynamic changes in focal adhesion complex topographic guidance of BHK cellExp. Cell Res228 313-325.
remodeling at the base of the cell, which occurred withirBrunette, D. M. (1986a). Fibroblasts on micromachined substrata orient
seconds to minutes after shear was exerted (Davies et al.hierarchically to grooves of different dimensiop. Cell Res164, 11-

i ; 6.
1994). Teixeira and co-workers observed that the width of foc%runette, D. M. (1986b). Spreading and orientation of epithelial cells on

adhesions formed on substrata similar to those used in thiSyooved substrat&xp. Cell Res167, 203-217.

study depended on the ridge size (Teixeira et al., 2003). It unette, D. M. and Chehroudi, B. (1999). The effects of the surface
possible that there is remodeling of focal adhesions on ourtopography of micromachined titanium substrata on cell behavior in vitro
patterned substrata in response to flow, which may be reflect%ﬂje”d in vivo.J. Biomech. Endl2], 49-57.

: - . . n, C. S., Mrksich, M., Huang, S., Whitesides, G. M. and Ingber, D. E.
in the ability of the cell to withstand fluid shear. Future work (1997). Geometric control of cell life and deafitience276, 1425-1428.

will examine dynamic changes within the cell cytoskeleton an@nou, L, Firth, J. D., Uitto, V. J. and Brunette, D. M. (1995). Substratum

focal adhesion assembly as a function of fluid shear andsurface topography alters cell shape and regulates fibronectin mRNA level,
topography_ mRNA stability, secretion and assembly in human fibrobldst€ell Sci.

i ive 108 1563-1573.
In conclusion, OU!’ St.UdY .demonStrated that the adheswgurtis, A. S. and Wilkinson, C. D.(1997). Topographical control of cells.
strength of HCECs is significantly modulated by substratum gi;/aterials18 1573-1583.

tppography._ Cell contact on patterns with uniform grooves andurtis, A. S. and Wilkinson, C. D.(1998). Reactions of cells to topography.

ridges ranging from nano- to microscale was observed to beJ. Biomater. Sci9, 1313-1329. _

restricted to the tops of the ridges and the cell thickness w&@\;&!lskr_ A. 3-100?3’58(3/21021)@;”29:‘6? J. 0., 'zasqu" Dr}' W°3‘1;1M' dAh- and .
. - ilkinson, C. D. . Substratum nanotopography and the adhesion o

constant on the (_jlffergnt topog_raphles. Furthermore, V\{G biological cells. Are symmetry or regularity of nanotopography important?

demonstrated a biphasic adhesive cellular response Withgjophys. chemps, 275-283.

regards to substratum topography with a transition poinbavies, P. F., Robotewskyj, A. and Griem, M. L(1994). Quantitative studies

occurring at the 1200-1600 nm pitCh that marked the difference of endothelial cell adhesion. Directional remodeling of focal adhesion sites

between nano- and microscale adhesive response. Cells werl response to flow forced. Clin. Invest93, 2031-2038.

. : n Braber, E. T., de Ruijter, J. E., Smits, H. T., Ginsel, L. A., von Recum,
more adherent on the nanoscale or b|0Iog|caI Iength ScaijgA. F. and Jansen, J. A(1996). Quantitative analysis of cell proliferation

tOPQQraphiC feawres- We_SUSPeCt that this response may b@nd orientation on substrata with uniform parallel surface micro-grooves.
attributed to the discontinuities interfaced by the adherent cells.Biomaterials17, 1093-1099.

This f|nd|ng is novel in that it is the first Study that C|ear|yEvanS, D. J., Britland, S. and Wigmore, P. M(1999a). Differential response

e _ ; ;-of fetal and neonatal myoblasts to topographical guidance cues irDgtro.
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nano- and micro-scale topqgr'c_lphles by using a b|0|oglca”¥vans, M. D., Dalton, B. A. and Steele, J. G1999b). Persistent adhesion
relevant challenge. Our findings have relevance to the of epithelial tissue is sensitive to polymer topograghyBiomed. Mater.

interpretation of in vitro data as well as to the study of cellular Res.46, 485-493.
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