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Substratum nanotopography and the adhesion of biological cells.
Are symmetry or regularity of nanotopography important?
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Abstract

Animal cells live in environments where many of the features that surround them are on the nanoscale, for example
detail on collagen molecules. Do cells react to objects of this size and if so, what features of the molecules are they
responding to? Here we show, by fabricating nanometric features in silica and by casting reverse features in
polycaprolactone and culturing vertebrate cells in culture upon them, that cells react in their adhesion to the features.
With cliffs, adhesion is enhanced at the cliff edge, while pits or pillars in ordered arrays diminish adhesion. The
results implicate ordered topography and possibly symmetry effects in the adhesion of cells. Parallel results were
obtained in the adhesion of carboxylate-surfacegdn2-diameter particles to these surfaces. These results are in
agreement with recent predictions from non-biological nanometric systen2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction are fabricated in silica or various polymers, the
cells react by marked changes in adhesion, which
Cells in the animal body live in an environment appear to depend on the symmetry and spacing of
in which there is much nanostructure around the the nanofeatures. Not only is this of potential
cells, provided by components such as collagen practical importance to the design of prostheses
fibrils (topographic features reported for example and devices for handling cells, but it also raises
in [1]) with their 66-nm repeat beading, as well questions about the features of interfacial forces
as that provided by the surfaces of adjacent cells. that are involved in cell adhesion.
In this paper, we report that when equivalents and  Much work has been carried out on the reactions
Simplifications of such bi0|ogical nanostructures of cells to micrometric topographjz_G] and
~ *Corresponding author. Tel.: 44-141-330-5147; fax:+ many cellular features, such as shape, movement,
44-141-330-3730. phagocytosis and gene expression, have been relat-
E-mail address: a.curtis@bio.gla.ac.ukA.S.G. Curtig. ed to the substratum micrometric topography. Little
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work has been carried out on the reaction of cells 3000 rev/min for 1 min before baking at 86C.

to disordered nanotopograptigee howevef7]), The pattern was specified using Shipley Wil DUV
and consideration of reactions to regular, ordered resist, which was applied to the substrates by spin
topography is probably entirely novel. Wojciak- coating at the same speed for 1 min. The samples
Stothard et al[8] described the reaction of mac- were then soft-baked on a vacuum hotplate at 135
rophage-like cells to anti-symmetrical steps some °C for 1 min. The electron beam lithography
100 nm deep, but did not try other patterns. These patterns needed to form the pillars were arrays of
structures enhanced cell adhesion. Irregular topog-nanometre-scale circles. This was necessary in
raphy seems to have little effect on adhesion as order to ensure that metallisation and lift-off result-
compared with planar surfaces. In preliminary ed in arrays of metal pillars. The patterns were
experiments, we reportd@,10 very low adhesion  ritten using the beamwriter to write a large square
of cells to regular arrays of nanopillars of the type area using a small beam spot size and a large pixel
shown in Fig. 1. Here, we compare the effects of step size. For example, if a 15-nm spot is used to
several types of topography differing in regularity \yrite a square of side 150 pm, then the square is

and sometimes in pattern symmetry. written using a raster scan method with the dis-
_ tance that the spot moves between exposures being
2. Experimental set by the pixel step size. Therefore, if the pixel

] ) ] step size is set to 300 nm, then the 15-nm spot
_The materials used in our experiments were oyposes the resist every 300 nm, producing arrays
either fused silica surfaces patterned by electron o qots on a 300-nm pitch. The actual dot size

beam lithography and dry etching in y andz  qpained depends on the dose and the beam spot
directions, or silica with;-axis hanofeatures, such size used. Using this method, the patterns were

as cliffs formed by short exposure to dry etching |, i inag d ing f 2t
after photolithography and random dot patterns \(/:vr::z egngsggot O:{g:sripfgglsmtrg 560n:rinOC/This

prepared by dry etching of colloidal resists. produced dot sizes ranging from 60 to 150 nm.
Development was carried out using Shipley
CD26 developer at room temperature for 1 min
followed by rinsing in RO water. A 30-nm-thick
layer of NiCr (60:40 was then evaporated onto
the substrates and lifted off in acetone to define

process were produced using electron beam lithog- tNe nichrome pillars on the titanium-coated fused
raphy and reactive ion etching. The substrates Silica. After lifting off the nichrome film, the
were 25<25 mnm? and consisted of 85-mm? samples were dry etched to define the pillars in
areas of nanometre-scale pillars. Electron beam titanium and then in silica. The intermediate tita-
lithography was carried out using a Leica Micro- Nium layer was etched using chlorine chemistry in
systems Lithography EBPG 5HR beamwriter on @n Oxford Instruments Plasmalab System 100 reac-
fused silica samples, 1 mm thick. The substrates tive ion etcher. SiCl was used with a flow rate of
were cleaned before use by refluxing in Opticlear 18 sccm at a pressure of 10 mtorr, 200 W RF
for 30 min prior to successive ultrasonic rinses in power and a DC bias of-325 V. The titanium
acetone, methanol and RQ@reverse osmosis  etch took 6 min at an etch rate of 8 fimin. The
water. A 50-nm-thick titanium layer was then nichrome pattern masks the titanium during this
deposited using an electron beam evaporator. Thisprocess, thus leaving a NiCTi bilayer mask for
titanium film acts as a charge conduction layer the quartz etching. The silica was etched in GHF
during lithography and as an intermediate etch using a Plasma Technology BP80 RIE machine
layer during reactive ion etchingl1]. Prior to with a flow rate of 30 sccm, a pressure of 23
application of the resist, hexamethyldisilazane mtorr, RF power and a DC bias of 310 V. The
(HMDS) primer was spun onto the samples at silica was etched for 3 min at an etch rate of 8

2.1. Methods

2.1.1. Primary fabrication: electron beam
lithography
The fused silica masters for the embossing
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(a)

Scales
x axis 200 nm per div
y axis 40nm per div

(c) (d)

Fig. 1. AFM images of nanostructured materidla) In silica: array of pillars at 50-nm spacirgentre to centrg electron beam
lithography and dry etch(b) An array of pits at 250-nm spacing in polycaprolactone solvent cast from a silica master made by
electron beam lithography and dry etch. Polycaprolactone cast made on a silica master usiffg/a/b%olution of the polymer

in CHCI; followed by air drying and manual strippinc) A cliff in silica 40 nm high made by electron beam lithography and dry
etch and(d) randomly arranged dots made from gold colloid followed by dry €8EM). Centre-to-centre spacing of beads on
average is 158 nm.
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nm/min and gave a final etch depth of approxi- Eagles minimal essential medium, 10% calf serum,

mately 100 nm. and tryptose broth(for epitenon cells and in
Hams F10 medium, 3% fetal calf serum insulin
2.1.2. Replication of nanopits and pillars transferrin selenite supplemeffor human capil-

The second set of structures was formed by lary endothelial cells and harvested by trypsini-
replicating (in reverse these patterns into poly- sation at sub confluency. After washing in the
mers, such as polycaprolactone, by casting from a same medium, the cells were made up to aliquots
5% solution in CHCJ followed by slow air-drying.  of 50 000 cells in 1 ml of the medium.

The replicas were then stripped off the silica
master using immersion in RO water to help 2.4. Measurement of adhesion and movement
debond the surfaces.

In this way, we obtained two types @f y and A 1-ml aliquot of cell SUSpenSion was added to
z nanoscale patterr@illars or pit9 reproduced in 2 ml of the culture medium in a Petri dish
silica or onto polymers and one type ofscale containing the silica master or polycaprolactone
nanofeature(cliff ) in silica or the same two poly-  replica and allowed to incubate at 3C for 1 h.

mers. The pillars or pits were all of 50-nm diameter Unattached cells were removed by washing and
with centre-to-centre spacing of 75, 150 or 300 the attached cells were counted. Time-lapse videos

nm in silica. were recorded using phase-contrast illumination.

2.1.3. Nanocliffs 2.5. Detection of protein adsorption

The cliffs were made by forming a surface of
sulfated hyaluronan and cross-linking it to the
substratum by the photodynamic method describe
by Chen et al.[12]. Then a second layer of
hyaluronan sulfate was photodynamically cross-
linked over this through a mask so that 10- or 50-
pm-wide stripes were formed on top of the first
layer.

The stripe edges form the cliffs and AFM
established their height. The pillars or pits were
all of 50-nm diameter with centre-to-centre spacing
of 75, 150 or 300 nm in silica or polycaprolactone.
The quality of fabrication and the precise dimen-

sions were observed by AFIFig. 1a,h. Control Fluorescent polystyrene beads were obtained

r.andom arrays of pillars were made by colloidal from Molecular ProbegEugene, OR, USAwith
lithography [13]. a diameter of 2um under the name Fluorospheres.
Their adhesion was determined by fluorescence
microscopy from images as counts of adherent
particles per unit area. These beads have carbox-
ylate surfaces. They were made up in phosphate-
buffered saline, pH 7.2(protein-freg, before
application to the test surfaces.

The possibility of fibronectin adsorption from
¢ S€rum components of the medium was investigated
by staining the structures with anti-fibronectin
antibody (Dako, raised in rabbi}sat 0.001% v'v
for 1 h, followed by extensive washing and reac-
tion with goat fluorescent anti-rabbit serum. After
further washing the samples were examined by
fluorescence microscopy using an Astrocam cooled
CCD camera to detect fluorescence. This system
can detect a single monolayer of fibronectin.

2.6. Fluorescent polystyrene beads

2.2. Atomic force microscopy (AFM) and scanning
electron microscopy (SEM)

Contact-mode AFM images of the structures
were made on a Nanoscope llla instrument.

2.3. Cells 3. Results

Rat epitenon fibroblasts were grown from labo-  The adhesion of two cell type@n endothelial
ratory stocks(described by Wojciak et a[14]) in cell line and an epitenal fibroblast linevas tested.
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Fig. 2. (a) View of nanopit surfac€shown in detail in Fig. 1pfabricated in polycaprolactone showing very low cell attachment

at 21 days compared with the control area at bottom of image. Cells stained with Coomassie blue. Scaleubar(20c)
Interference reflection micrographs of the contact zone of cells adhering to planar and to groove—ridge silica surfaces. This type of
microscopy shows contacts where the cells are closer than approximately 10 nm as black, the same grey level as the background
for 35 nm and greater separation as brighter than background. Note that the darkest parts of the image are located parallel to and
very close to or superimposed on the cliffs in the substratum. Cliffs are 200 nm high aom &part, which provides an indication

of the scale.

Counts of the numbers of cells attaching to a pit- is one-dimensional. In practice, observation of the
or pillar-structured substrate were made and com- these contacts by interference reflection micros-
pared with the numbers attaching to the same areacopy (Fig. 2b,0 shows that the contact is very
of planar substratum(Table 1, Figs. 1 and 2. small in area and confined to the region of transi-
Visualisation of nanopit areas after 21 days of cell tion. This in itself is reason to suggest that adhe-
culture showed no cell adhesion in some casession is very high at the groove—ridge transition.
(Fig. 2a. Measuring the attachment to grogve  Counts of cell attachment to these regions, defined
ridge transitions as compared with the areas in in terms of the area of the adhesive contact from
between is rather more difficult, because simple interference reflection microscopy images, were
observation does not give information about the made.

contact area of the transition zone as compared Counts were made of cells adhering to the
with surrounding areas. In theory, the contact zone nanopits in 1 h and at 5 and 20 hours, as well as
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Table 1
Adhesion of cells to regular orthogonal close-packed silica
nanopillars

Rat epitenon fibroblast suspension
adhering to surfacé¥)

Pillar centre-to-centre Control
spacing(nm)

100 150 250 300 Planar Random
dots
1 hat37°C?
Adhesion(%) 1.2 29 37 13.9 20.2
Standard deviation 2.2 35 4.3 11.0 18.1
5h
Adhesion(%) 1.7 211
Standard deviation 1.6 156
20 h
Adhesion(%) 0.76 48.3
Standard deviation 09 332

Counting area, 1.65 min ; means of counts for six areas. If
100% of the cells had adhered, the count would be 275 cells
per area.

2This data was analysed by linear regression analysis. Stan-
dard deviation of regression coefficient 0.952, indicating a
regression slope significant &<0.01.

of the proportion of the adhering cells that spread
from a rounded conformation. Counts of cells
adhering on a nanopillared surface were made in
the same way.

Control experiments were of two types: first,

the measurement of cell adhesion to planar areas
adjacent to the nanostructured areas; and second,

measurement of cell adhesion to a topography of
random pillars(dots) (Table 1.

Table 2
Adhesion of endothelial cells to nanocliffs fabricated on sul-
fated hyaluronan

Spread Rounded
morphology cells
(motile)
Cliff edge 40 21
Groove bottom 0 2
Ridge top 2 19

A.S.G. Curtis et al. / Biophysical Chemistry 94 (2001) 275-283

Fig. 3. Reaction of cells to nanostructured surfa¢asAttach-
ment of HGTFN endothelial cells to a cliff. Optical phase-
contrast view of cell attachment and alignment at the edge of
a 200-nm-high cliff.(b) AFM of a polycaprolactone replica
(of the type shown in Fig. Dbafter 3 weeks in culture, with
pits showing zero cell attachment. The pits have been enlarged
by biodegradation and are beginning to release small, pill-like
pieces of polymer.

The asymmetric cliff topography enhanced cell
adhesion under all conditions, except for the very
smallestz-axis depths,< 10 nm(Table 2, Fig. 3a
In addition, these structures enhanced cell spread-
ing and movement along the cliff edge.
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The relative contact area available to the cell
(visualised by IRM as dark zones close to the
ridge edgey is used to define the adhesion per & /
unit area on nanocliffs. It is clear that these & : Boundary
structures enhance cell spreading to a very large ' '
extent. These transition edges allowed enhanced
cell movement along the transition when viewed
from a time-lapse video film.

Time-lapse videos of cells on polycaprolactone Nanopit area
pit and pillar structureqsee frame from such a
video in Fig. 32 showed that cells made many
attempts to attach to the structured areas, moving
onto them from surrounding planar areas but fail-
ing to make permanent attachments. Frequently, aFig. 4. Attachment of fluorescent carboxylatquia-diameter
cell made two or three widely separated attach- beads to a nanopit surface in polycaprolactone. The medium
ments and moved erratically, losing its attachments used was _proteln-free saline. Note the fa_llurq of attac_hment

- over the pitted area and extra accumulation just outside the
after some minutes. The (_:e”S often repeated thesenanopitted area. The horseshoe-shaped object is a piece of cel-
attempts to attach for periods of at least 24 h, but yjose lint that fell into the sample.
the lifetime of a transient adhesion at any one
place was less than 1 h. When the structure was gppeared to be similar to those obtained with cells.
composed of regular, symmetrical pits or pillars, Note that the medium in which the particles were
cell adhesion was very markedly reduc€thble  suspended contained no protein; compare Fig. 2a
1, Fig. 2a. Surfaces bearing randomly arranged and Fig. 4.
dots of the same dimensions, fabricated in the
same materials and with an average spacing of 4. Discussion
150 nm showed adhesion values close to that for
planar surfaces. The comparable ordered spacing The results show that regular topography reduc-

(Table ) was very considerably less adhesive. es cell adhesion very markedly, while discontinui-
Little evidence for deposition of proteins was ties such as vertical cliffs result in high adhesion
observed by AFM on such surfacd&ig. 3b). at the cliff. This discovery is, we believe, novel.

Regular cell attachment took place on the polymer The differing adhesive behaviour of the cells to
on areas clear of pattern. Immunochemical staining ordered dotdpillars), opposed to that on random
of these flat surfaces for fibronectin adsorption dots, suggests that substratum ordering may be
showed a low level of adsorption, which was not important. These arrays also have symmetry. We
enhanced or depressed on adjacent structuressuggest that the reaction may be to symmetry or
Table 1 also shows that as the distance betweenits converse, because the cliffs are anti-symmetri-
pillars is increased, adhesion increases. The ran-cal, namely the top edge is ‘convex’ and the
dom dot surfaces were little different in their bottom edge is ‘concave’. The cliffs, which strong-
adhesion from the planar surfaces. These resultsly stimulate adhesion, are ordered in one dimen-
are consistent with the hypothesis that random sion, but are anti-symmetrical. It is interesting to
patterns are not different from planar surfaces, but note that non-living particles of approximately the
once ordering of the features is present, effects on same size as cells show similar low adhesion to

adhesion are very marked. regular topography.
In recent months, considerable attention has
3.1. Adhesion of carboxylate polystyrene beads been given[15-2(Q to the unexpected behaviour

of fluids spreading on surfaces at the nanofeature
Nanopitted surfaces did not permit attachment level. We believe that these reports are also very
of carboxylate beads of @m in diameter. Results  relevant to the reactions of biological cells to
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surfaces bearing nanotopography. Gleiche et alfluorescent antibodies for detection of specific
[16] showed non-linear behavior of interfacial proteins involved in adhesion. If the protéi is
forces on phospholipid strips deposited at a glass (are) adsorbed in a way related to the symmetry
—water interface. In these and other studies, thereof the topography of the surface, this result in
appears to be a scale limitation to the phenomena,itself would be powerful evidence for symmetry
in that non-linear effects only appear below certain importance in small-range interfacial forces. On
scale limits. These limits appear to lie in the 100- the other hand, the close similarity between adhe-
nm region or thereabouts and it is tempting to sion of the polystyrene beads to these structures
identify this limit with the maximum effective and that of the cells argues strongly that we are
range of van der Waals(dispersion forces. We observing the effects of physical forces, such as
suggest that van der Waals' attractions between interfacial ones, rather than chemical bonding. It
water ‘fingers’ might prevent the full wetting of a  should be noted that the beads are between 25 and
surface, but this would only occur if the forces 33% of the cell diameter, which places them in
were symmetrically balanced in an array of pillars. the same general size class.

As the pillars become more closely packed, the Fig. 3 shows fairly variable reactions of cells to
Van der Waals’' interactions increase, enhancing the same surface. This is perhaps not surprising,
the non-wettability and this corresponds to our since the dissociated cells often retain part of their
observations on adhesion. Conceivably, this could cytoskeletal organisation, and how this is oriented
be further examined by making interferometic to the substratum when the cell first settles may
contact-angle measurements or by the use of AFM well determine first reactions of the cell.
measurements. It is not yet clear how far into the

pits the cells can reach, but related SEM studies Acknowledgements

by Dalby et al.[20] suggest that 100-nm features
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Alternatively, on an edge with mirror-image

symmetry, i.e. a cliff, forces are not balanced and
this may lead to the ?‘dge becoming very wettable of a collagen-GAG dermal skin substitute optimized for
as the water attracts itself across the convex edge. ¢ yred human epidermal keratinocytes, J. Biomed.
while it does not do so across the concave edge. Mater. Res. 271988 939-957.
Rather similar but more precisely formulated [2] A.S.G. Curtis, M. Varde, Control of cell behaviour.
approaches have been described for theoretical  Topological factors, J. Natl. Cancer Inst. 88964 15—
systems by Rascon and Pafg/]. 26

It is interesting to note that there are a number
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