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Topographical features are known to impose capillary forces on liquid droplets, and this phenomenon is exploited
in applications such as printing, coatings, textiles and microfluidics. Surface topographies also influence the behavior
of biological cells (i.e., contact guidance), with implications ranging from medicine to agriculture. An accurate physical
description of how cells detect and respond to surface topographies is necessary in order to move beyond a purely
heuristic approach to optimizing the topographies of biomaterial interfaces. Here, we have used a combination of
Langmuir-Blodgett lithography and nanoimprinting to generate a range of synthetic microstructured surfaces with
grooves of subcellular dimensions in order to investigate the influence of capillary forces on the biological process
of contact guidance. The physieathemical properties of these surfaces were assessed by measuring the anisotropic
spreading of sessile water droplets. Having established the physical properties of each surface, we then investigated
the influence of capillary forces on the processes of cellular contact guidance in biological organisms, using mammalian
osteoblasts and germinating fungal spores as tester organisms. Our results demonstrate that capillary effects are present
in topographical contact guidance and should therefore be considered in any physical model that seeks to predict how
cells will respond to a particular surface topography.

Introduction instance, in the classic experiment of a liquid filling a capillary

Cell adhesion is a fundamental biological process that provides tUbe, the height of the liquid in the tube is directly proportional
a challenge for physical adhesion theory because of the complexto the puryature ofthe capllla(y tube, regardless of the interfacial
molecular machinery that is characteristic of living systems. €nergies involved.Such capillary effects can be extended to
Unlike the ideal wetting of a pure liquid drop on a smooth surface, €xPlain the anisotropic shape of a liquid droplet on a grooved
cell adhesion involves factors such as membrane elasticity, Surface’®
cytoskeletal tension, and the dynamic properties of adhesive The micro- and nanoscopic texture of a surface is known to
molecules on the cell surfaée® These differences make it influence the morphology and behavior of adherent biological
impractical to determine an interfacial energy for a living cell cells, an effect known as contact guidaScAdvances in
based on contact angles, as is often done in the wetting of puremicrofabrication open up promising possibilities for being
liquid droplets. However, in the context of capillary theory, it able to understand and control these biological responses by
is possible to determine certain linear relations between means of precisely defined topographies with feature sizes
topography and the shape of liquid interfaces in a way that is that are smaller than an individual c&f? Well-studied

independent of the specific molecular interactions involved. For €xamples include wound healing and implantolégy; tissue
engineerind16-21 antifouling surfaced? and plant-pathogen
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Although topographical contact guidance has been observedintegrin proteins, which transmit information across the mem-
in all types of cells tested to datéthere are still few applications  brane>36 While passive adhesion forces and membrane defor-
that make use of lithographically patterned surfaces. This is due mations are sufficientto generate initial cell alignment to adhesive
to the cost of lithographic prototyping combined with the lack surfaces, active processes within the cytoskeleton such as actin
of an accurate model for contact guidance that would allow the polymerization quickly become involvédnd are especially
design of surface patterns that are optimal for specific applications.relevant to cell polarization and cell motili2”In several cases,

An important first step in this direction was taken by a recent microscopic cell protrusions known as filopodia have been
study that demonstrated an empirical correlation between theobserved to interact with micro- and nanoscopic surface
attachment of biological cells (zoospores and endothelial cells) topographied?20.:383Model systems such as vesicles are valuable
and the surface wettability of topographically microstructured tools for the study of the physical forces involved in egdurface
surface$? While that work correlated adhesion to topography, interaction4® and have provided experimental support for the
here we take further steps by correlating anisotropic wetting to idea that cell adhesion can be understood from the physical point
cell orientation and growth on nanostructured surfaces. For this of view of wetting transition4.In the tensegrity model of cellular
purpose, we have used state-of-the-art lithography to test themechanics, molecular tension built up within the cytoskeletal
hypothesis that capillary effects provide a physical signal that network causes the cell to respond in a way that balances external

cells can use to detect surface features, as discussed in thenechanical forces acting upon the cBlThere is evidence that

pioneering contact guidance works of Weiés°
The interaction of mammalian cells with surfaces is known

rearrangement of the cytoskeleton distorts the shape of the nucleus,
which results in changes in gene expressigt?:*3This type of

to be mediated by focal adhesions consisting of transmembranedirect mechanotransduction is one way to explain how mechanical
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guidance effects, where micro- or nanostructures on a surface
induce specific cell responses. For instance, protein clustering
in focal adhesions occurs on a length scale €260 nm, and
cells cultured on interfaces that have been chemically nanopat-
terned with integrin-binding RGD peptide respond preferentially
to patterns below a critical length scale of about-66 nm?8

The same colloidal lithography method used in that work has
also been shown to be suitable for tuning the adhesion of agarose
bead-based model systems using specific biegineptavidin
interactions? In order to better understand the molecular biology
behind contact guidance (e.g., the role of ion chantelsnexins,

51 integrins®36 septins and formin% etc.), it is necessary to
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distinguish between purely physical contact guidance effects alignment as a function of groove dimensions or on smooth
and those that appear to require specific molecular machinerychemically patterned surfaces are lacking. Knowledge of the

in order to function.

A requirement for direct comparison between the behavior of
macroscopic liquid droplets and microscopic cells is a topo-
graphical pattern with features that are significantly smaller than

biological mechanisms required for surface recognition and
alignment will enable us to establish which surface cues are
involved and whether germ tube alignment is a feasible target
for plant protection strategies.

a single cell. The pattern must also be continuous over length ~ The rice blast fungusagnaporthe grisealso senses the
scales that are large enough for sessile drop measurementssurface of its host in order to form penetration structures:

Langmuir-Blodgett (LB) lithography is particularly suitable for
both anisotropic wettability measuremeitand cell alignment
assay¥ because it allows the rapid and cheap fabrication of a

elaborate, heavily melanized appressoria on leaf sufaaad
structures resembling simple appressoria (hyphopodia) onoots.
The amenability ofM. griseato genetic transformation has

range of chemically identical substrates, each having surfaceprovided some insight into the molecular mechanisms by which
areas of several square centimeters with groove dimensions thathis organism s able to detect surface ctié=or example, PTH11

are significantly smaller than an individual cetlThe depth of

is a transmembrane protein identified through an insertional

the grooves can be controlled between 20 and 300 nm by the etcHnutagenesis screen for nonpathogenic mutants. PTH11 mutants

time, while the lateral line widths can be tuned from 100 nm to
more than 2.um.55

Osteoblasts line the surface of bone in vivo. They are

are strongly reduced in appressorium formation, and the gene
product has been suggested to be involved in host surface
recognition3! MPG1 encodes for a hydrophobin, a small

responsible for bone formation and are therefore the focus of Nydrophobic cell surface protein thatis highly expressed during
many clinical treatments of bone breaks and tissue engineering.the first steps of host plant infection. Mutants defective in this
Although little is known about the relationship between osteoblast Nydrophobin have reduced virulence and are defective in

alignment and function in vivo, there is evidence that their

conidiation and appressorium formatiefivl. griseadiffers from

alignment on bone surfaces as well as synthetic implants is P. graminisin that it is able to penetrate directly through the

important for the generation of bone tissue. For instance,

plant epidermis, apparently without a requirement for extensive

osteoblasts have been observed to align in vitro under strongSurface navigation. Although appressoria formatioMirgrisea
magnetic fields, and the same fields were found to induce directedh@s been studied in considerable det&df,to our knowledge,

bone growth in viva3 Osteoblasts cultured on regularly spaced

the alignment behavior dl. griseagerm tubes on surfaces has

grooves of subcellular dimensions show a tendency to form focal N0t yet been document.ed. .
adhesions at opposite ends of aligned cells and to migrate more Although the mechanisms by which cells detect and transduce

quickly in the direction of alignmenrif Although deeper grooves

topographical information are not yet well understéaitthe effect

have been observed to yield stronger osteoblast alignment, athat surface topography will have on the shape of a pure liquid
systematic study of the dependence on groove depth, width, ancdropletis predictable from established physical descriptions.
pitch is necessary for a more complete understanding of the Order to distinguish cell-specific effects from behavior that may

relevant physical parameters involved in contact guidance.

Detection of the physicochemical features of surfaces is also

important for infection of plants by fungal pathogens, which
differ from animal cells in having a cell wall. A well-documented

example of topographical contact guidance of a fungal pathogen

occurs when spores of the stem rust fungugcinia graminis
germinate on cereal leaves. In this case, the germ tubes gro
perpendicular to the veins of the leaf in order to optimize the

chances of encountering a stoma, through which the fungus is

able to invade the plant after forming infection structures
(appressoria3®>¢This developmental process can be simulated
on artificial surfaces with microscopically grooved topographies
that mimic the geometric dimensions of guard cells on the leaf
surface?>5” However, quantitative studies oP. graminis

(50) Hamill, O. P.; Martinac, B. Molecular basis of mechanotransduction in
living cells. Physiol. Re. 2001, 81 (2), 685-740.

(51) Gerke, V.; Creutz, C. E.; Moss, S. E. Annexins: Linking €atgnalling
to membrane dynamicflat. Re.. Mol. Cell Biol. 2005 6 (6), 449-461.

(52) Gladfelter, A. S. Control of filamentous fungal cell shape by septins and
formins. Nat. Re.. Microbiol. 2006 4 (3), 223-229.

(53) Gleiche, M.; Chi, L. F.; Gedig, E.; Fuchs, H. Anisotropic contact-angle
hysteresis of chemically nanostructured surfa€semPhysCher2001, 2 (3),
187-191.

(54) Lenhert, S.; Zhang, L.; Mueller, J.; Wiesmann, H. P.; Erker, G.; Fuchs,
H.; Chi, L. F. Self-organized complex patterning: LangmiBlodgettlithography.
Adv. Mater. 2004 16 (7), 619-624.

(55) Lenhert, S.; Gleiche, M.; Fuchs, H.; Chi, L. F. Mechanism of regular
pattern formation in reactive dewettinGhemPhysCher2005 6 (12), 2495~
2498.

(56) Read, N. D.; Kellock, L. J.; Collins, T. J.; Gundlach, A. M. Role of
topography sensing for infection-structure differentiation in cereal rust fungi.
Planta 1997 202 (2), 163-170.

(57) Allen, E. A.; Hazen, B. E.; Hoch, H. C.; Kwon, Y.; Leinhos, G. M. E.;
Staples, R. C.; Stumpf, M. A,; Terhume, B. T. Appressorium formation in response
to topographical signals by 27 rust speciébytopathologyl 991, 81 (3), 323~
331.

be induced by capillary forces, we have compared the spreading
of water droplets with the alignment of three different types of
biological cells. Osteoblasts are an example of an animal cell
that has been observed to align on grooves of subcellular lateral
dimensionsP. graminisandM. griseagerm tubes are examples

of fungal hyphae, both of which are known to detect surface

V\FUGS.

Materials and Methods

Surface Fabrication. A combination of LB lithography and
nanoimprinting was used to continuously pattern polystyrene surface
areas of more than 4 @with regularly spaced grooves, as describfed.

In order to fabricate striped patterns with different lateral dimen-
sions®® the transfer speed was varied between 1 and 60 mm/min,
and the surface pressure was varied between 0 and 5 mN/m. The
groove depth was controlled by the etch time. The chemically striped
(octadecyltrichlorosilane (OTS)) patterns were prepared by excluding
the etching step. The grooved silicon templates were then used for
production of the polystyrene replicas by hot embossing as
described* The lateral size and thickness of the sample can be
controlled by the amount of polystyrene used and the time used for
embossing. In this case, samples were approximately?aoah 1

mm thick. Polystyrene surfaces were made hydrophilic for the
anisotropic wettability studies as well as the osteoblasMugtisea

cell culture using a 50 W gplasma (Templa System 100-E plasma
system) at 1 mbar for 10 s. For the osteoblast culture, the surfaces
were sterilized by immersion in 70% ethanol for 5 min.

Topographical Measurements.SFM investigations were per-
formed with a commercial instrument (Nanoscope llla and Dimension
3000, Digital Instruments, Santa Barbara, CA) operating in tapping

(58) Talbot, N.J.; Ebbole, D. J.; Hamer, J. E. Identification and characterization
of Mpg1, agene involved in pathogenicity from the rice blast furigagnaporthe-
grisea Plant Cell 1993 5 (11), 1575-1590.
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mode (silicon cantilevers, Nanosensors) with resonant frequencieshours at 23°C and 100% relative humidity. For fluorescence

of 250—-350 kHz and nominal spring constants~o42 N/m. Since
the grooves have a sidewall angle of 54 .the groove width and

microscopy, germ tubes were stained with calcofluor and either
imaged under liquid or after drying under a stream of compressed

ridge width was measured at 1/2 of the groove depth. From thesenitrogen gas. No observable change in the orientation of the germ
dimensions, the roughness factor can be calculated with the following tubes could be detected in cells that were viewed under a microscope
formula: both before and after this drying process. Micrographs for image
analysis were taken of at least 100 cells per surface in the case of
P. graminisand at least 200 cells per surface in the cadé.afrisea

The experiments were repeated three and four times.

Anisotropic Wetting Measurements Water drop anisotropy was Image Analysis.Cell orientation of the osteoblasts aPcyraminis
measured by placing 13 0/ drops of hemalaun dye (Sigma-  was quantified using ImageJ (version 1.61, by Wayne Rasband;
Aldrich) solutionin water from an Eppendorf pipet onto each substrate NIH, Bethesda, MD). An ellipse was fitted to the shape of each cell,
and leaving the drops to spread in ambient conditions until dry. and the orientation of the major axis of the ellipse was assumed to
Photographs were then taken of the resulting drop residue, and thepe the orientation of the cells. In order to speed up the image analysis
aspect ratio (anisotropy) was calculated for each drop by dividing process for the experiments with grisea(wild types and mutants),
the length of the drop in the groove direction by the width of the customized image analysis software was developed. Briefly, this
drop perpendicular to the grooves. Dynamic contact angles were software recognizes each cell in an optical micrograph by means of
measured using a commercial instrument (G2 Kontaktwinkelmess- a threshold function, and fits a straight line through it based on a
system, Krss). Advancing contactangles were determined by fitting  linear regression over all points that form the shape. After that, the
a polynomial to the shape of the drop photographed from the side angle of this straight line in respect to the groove orientation is
as it increased and decreased in size between volumes-dft&D calculated. For all cell types, only the cells that were not in direct
uL, atintervals of lul/image. In the case of the chemical stripes, contactwith neighboring cells were counted. We define “alignment”
the water drop anisotropy was calculated from the dynamic contact as the percentage of cells that are oriented withind@3@he groove
angles measured as the contactline moved parallel and perpendiculadirection. A randomly oriented distribution as is expected in the
to the stripes. For this purpose, formulas 2 and 3 were derived from controls (surface #1) should show 33% alignment.
geometric principlesin order to relate the contact angles to the aspect  Statistics.Linear regressions and ANOVA tables were calculated
ratio of the drops. If we assume circular cross sections of the drop, using Origin 6.1p-Values represent the probability that the correlation
then the lengthl() to width (W) ratio of the drop can be expressed coefficient f) is zero. In the cases where data points were excluded
in terms of the contact angles for pairs of angles greater than 90 from the linear regression, thp-values represent conditional
by probabilities, with the condition being that either the roughness factor
orindividual groove volume is below a critical value. The Student’s
t test was used to test for significant alignment on the chemical
patterns. All error bars ant values represent the standard deviation.

[2 — 2 cos(54.7)](pitch + depth)/[pitchsin(54.7)] 1)

1+ cos(180- 0,)
L 1+ cos(180- ©))
B sin(180— ©,)

[sin(180— B))]

2
w Results

Surface Characterization.The width, depth, and pitch of the
grooved topographies were measured by scanning force mi-
croscopy (Figure 1 and Table 1). From these measurements,
roughness factors and individual groove volumes were calculated.
These two parameters were found to be most relevant to the cell
and water-drop experiments described herein. The roughness
factor as defined by Wenzel is a unitless number that gives the
real surface area when multiplied by the apparent surfacé@rea.

or, in the case where the contact angles are less thgrb90
1+ sin(90— ©,)

L _1+sin(90—©)
B cos(90— ©,)

[cos(90— ©))]

5 ®

®, and©®,, represent the contact angles corresponding to the long

and short axis of the drop, respectively. All wetting measurements Inth fthe mi ! dh thi h
were repeated three to five times. n the case of the microscopic grooves used here, this roughness

Osteoblast Culture and Analysis Osteoblasts were cultured for ~ factor is determined by the groove dimensions and is therefore
24 hin high growth enhancement medium (ICN Biomedicals GmbH, anisotropic.
Eschwege, Germany) supplemented with 10% fetal calf serum, 250 The anisotropic wettability of the surfaces was measured using
mg/mL amphotericin B, 10 000 IU/mL penicillin, 10 000 mg/mL  a classical method in which sessile drops of water are placed on
streptomycin, and 200 mM-glutamine (Biochrom KG seromed,  the surface and allowed to spread (Figure 2dJe define the
Berlin, Germany) using a cell density of 2000 cellsfcithe cultures  “water drop anisotropy” as the drop length in the groove direction
were incubated at 37C ina humlldlfled atmosphere of 95% air anq divided by the length perpendicular to the grooves, which can
5% CO;. The cells were fixed with glutaraldehyde and stained with o 102 o ired from photographs of the droplets (Figure 2a). Linear
toluidine blue in order to provide contrast for optical microscopy - h . .

regression analysis of the water drop anisotropy as a function

and analysis of cell orientation, as describéMicrographs were £ th . h . | its in th
taken from at least eight different areas per sample forimage analysisOf the geometric parameters shown in Table 1 results in the

The osteoblast anisotropy was defined as the length of the cell (in following correlation coefficientsrf andp-values: depthr(=
the direction of the grooves) divided by the width (perpendicular to 0.64,p = 0.025), groove widthr(= —0.75,p = 7.3 x 1073),
the grooves). At least 100 cells were counted per measurement, andidge width ¢ = —0.71,p = 0.017), pitch ( = —0.77p = 5.3
the experiment was performed in triplicate. x 1079), roughness factor (= 0.93,p < 1074), groove volume
Culture and Analysis of Fungi. Uredospores oP. graminisf. (r = —0.23,p = 0.48). The best correlation is clearly observed

sp. tritici race 32 were prepared as describeend the artificial with the roughness factor. Plotting water drop anisotropy against
surfaces were inoculated using a settling towergriseawild type the roughness factor (Figure 2b) for roughness factor values
and mutantstrains Guy11, 4091 S#hgl andpth1lwere cultured o6 1 2 reveals a strictly linear correlation 0.99). Beyond
and maintained as describ&dDrops of water (306400 ulL) : . : .

this roughness value, the trend begins to deviate slightly from

containing 18 conidia/mL were placed on the surfaces. The fungal i itv b il i bl f oredicti h
spores were incubated for-82 (M. grised or 24 (P. graminig inearity but still provides a reasonable means of predicting the
anisotropic wettability from the groove dimensions (with<

(59) Moerschbacher, B. M.; Noll, U.; Gorrichon, L.; Reisener, H. J. Specific-
inhibition of lignification breaks hypersensitive resistance of wheat to stem rust.
Plant Physiol.1990 93 (2), 465-470.

(60) Wenzel, R. N. Resistance of solid surfaces to wetting by wiaigtrEng.
Chem.1936 28, 988-994.
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Figure 1. Topographical scanning force micrographs of the different grooved polystyrene topographies. The topographies are numbered
from 2 to 12, and correspond to the sample numbers in Table 1. Scate bam.

Table 1. Topographical Dimensions of the Grooved Surfaces, as Determined by Scanning Force Microscopy (Representative
Measurements Are Shown in Figure 19

roughness groove depth groove width ridge width pitch groove volume
surface # factor (nm) (nm) (nm) (nm) (fl/ m)

1 1 0 0

2 1.04+0.11 105+ 8 1200+ 150 1650+ 170 2850+ 220 126.0+18
3 1.08+0.16 119+ 15 316+ 76 1180+ 140 1500+ 160 37.6+ 10
4 1.12+0.34 194+ 13 410+ 73 1280+ 380 1690+ 390 79.5+ 15
5 1.14+0.25 116+ 27 424+ 130 424+ 62 848+ 140 49.2+ 19
6 1.184+0.36 241+ 40 289+ 69 1140+ 320 1420+ 330 69.6+ 20
7 1.20+0.15 258+ 18 235+ 18 1080+ 120 1310+ 120 60.6+ 6.3
8 1.20+0.12 138+ 12 152+ 18 548+ 48 700+ 51 21.0+ 3.1
9 1.21+0.21 132+ 16 121+ 22 520+ 84 641+ 87 16.0+ 3.5
10 1.22+ 0.25 118+ 17 1564+ 37 402+ 79 558+ 87 18.4+ 5.1
11 1.26+0.13 141+ 7 150+ 19 417+ 40 567+ 44 21.2+29
12 1.37+ 0.15 155+ 23 122+ 14 316+ 34 438+ 37 18.9+ 3.6

@ The values are sorted according to the roughness factor, which was calculated from the measured groove dimensiaadud$hespresent
the standard deviation between measurements from eight random areas of the substrate.

1074). Both hydrophilic (Figure 2b) and hydrophobic (Supporting  correlation was observed whEngraminisgerm tube alignment
Information Figure S1) surfaces show the same trends. was compared with water drop anisotropy when considering all
Mammalian Osteoblasts Like water drops, osteoblasts align  data pointsi(= 0.16,p=0.62, solid line in Figure 5a). However,
parallel to the groove direction to different extents on different four topographies (#2, 4, 6, 7) showed a stronger alignment than
surfaces. Figure 3a shows an extreme example of an alignedexpected from the water drop anisotropy alone. These four
osteoblast on surface #12. A significant correlation was observedtopographies were the ones with the largest groove volumes
between the osteoblast anisotropy and the water drop anisotropy(Table 1). When the data were reanalyzed for groove volumes

(r =0.77p = 3.3 x 1073; Figure 4). It can be seen that three of less than 60 flim (Figure 5; Table 1) there was a significant
data points (circled in Figure 4) were slightly below the trendline. correlation between germ tube alignment and water drop
Although ap-value of less than 0.01 is observed when all data anisotropy p < 0.05).
points are included, exclusion of surfaces with roughness factors  As a complementary test of the idea that capillary effects can
greater than 1.22 (#1612) from the linear regression results in  affect the cell alignment d?. graminis(even in the absence of
a 5-fold increase in the significance of the correlatios(0.91, topography), we fabricated chemically striped surfaces consisting
p = 6.8 x 107%). This p-value represents the roughness- of parallel lines of hydrophobic OTS separated by gaps of
conditional probability of a correlation below a critical roughness hydrophilic silicon oxide. Since these chemical patterns exert
factor of 1.22, indicating that the three roughest surfaces induceanisotropic capillary forces on pure liquid droplétget have
slightly less alignmentthan predicted by the water drop anisotropy. a “groove volume” of zero, they can be used to test the hypothesis
P. graminisGerm Tubes.In contrast to osteoblast cells, which  that grooves with volumes of less than 60hi induce germ
align parallel to the groove direction, the overall growth direction tube alignment by capillary forces alone. In this case, the water
of germ tubes of. graminisis perpendicular to the grooves drop anisotropy was calculated from advancing contact angle
(Figure 3b). Although a variety of interesting germ tube measurements using pure water so that the data could be shown
morphologies were observed, including branching, zig-zagging, as the triangles in Figure 5a. Only two data points are included
and straight growth (all observable in the same germ tube in here because only a slight water drop anisotropy~bf05) can
Figure 3b and also seen in germ tubes growing on flat control be measured on these surfaces. Nevertheless, we found a small
surfaces), we focused our statistical analysis only on the but significant difference in germ tube alignment between the
orientation of the entire germ tube as described in the methodsOTS-covered control and the chemically striped surfaces
for the sake of automated image analysis. No significant (illustrated in Figure 5; “otsc™= control; “ots” = chemically
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Figure 2. Water drop anisotropy. (a) Photographs of the anisotropic
spreading of dye-containing water droplets on a smooth control
surface (left, surface #1) and a grooved surface (right, surface #12).
The double headed arrow shows the orientation of the grooves.
Scale bar= 1 mm. (b) The water drop anisotropy is plotted as a
function of the roughness factor for surfaces#® (Table 1). The
solid line shows the linear regression of the whole data set, and the
dotted line shows the linear regression excluding data points #7
12. Correlation coefficientsr) and p-values are shown for both.

Figure 3. Optical micrographs of aligned osteoblast cells and fungal
germ tubes. (a) An osteoblast aligned parallel to the grooveB. (b)
graminisand (c)M. griseagerm tubes aligned perpendicular to the
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Figure 4. Correlation between the osteoblast anisotropy and the

water drop anisotropy on different surface topographies. The solid

line shows the linear regression of the data set, and the dotted line
shows the conditional correlation excluding the highlighted data

points (surfaces #1012). Correlation coefficients andp-values

are shown for both.

surface features. Surprisingly, germ tubeshf grisea also
showed a statistically significant tendency for an overall growth
direction perpendicular to the various grooved topographies in
Table 1. An example of an alignéd. griseagerm tube cultured

on hydrophilic grooves is shown in Figure 3c. A significant
correlation was observed betwedngriseagerm tube alignment

and water drop anisotropy across all data points 0.84,p =

7.1 x 1074 Figure 6). This alignment was not dependent on
genes that have previously been shown to be required for surface-
sensing mechanisms thatlead to appressorial differentiation since
germ tubes of the hydrophobin mutanpg®° and the plasma
membrane protein mutapth12! showed perpendicular germ
tube alignment on hydrophilic and hydrophobic surfaces, as did
the corresponding wild-type strains (Guyll and 4091-5-8,
respectively). In the case &fl. grisea hydrophobic surfaces
simulate leaf infectio#®4>while hydrophilic surfaces simulate
root infection?” While classical appressoria typical for leaf
penetration formed on hydrophobic substrates (not shown),
thickened germ tubes typical for root penetration were observed
on the hydrophilic substrates (Figure 3c). However, no qualitative
differences in morphology (besides alignment) were observed
as a result of the absence or presence of grooves or of groove
dimensions on both types of substrates. Cryo-scanning electron
microscopy (cryo-SEM) imaging indicated that the germ-tubes
grew in close contact with the substrates (Supporting Information
Figure S3). In all cases, perpendicular alignment was correlated
with water drop anisotropyp(< 0.05) (Supporting Information
Figure S2). Only in the case of the 4091-5-8 wild type on
hydrophobic grooves was a conditional correlation observed,
where exclusion of the roughest sample #12 resultpcki®.05.

This suggests that capillary forces are the dominant physical
parameter that governs the alignmentfgriseagerm tubes.

Discussion
The anisotropic spreading of liquid drops on anisotropic

grooves. The surface in all three cases is #12. The orientation of thesurfaces has, to our knowledge, not been considered in studies

grooves is indicated by double-headed arrows. Scalesbatum.

striped surface)y < 0.05). These findings indicate that chemically

that investigate the effects of substrate surface energy or
topography in cell adhesion. Even in pure physical studies, the
experimental situation has, so far, only confirmed the theory in

striped surfaces can induce germ tube alignment even thoughthe case of spreading in one direction, i.e., parallel to the gréves.

they have a groove volume of zero.

M. griseaGerm Tubes.Unlike P. graministhere is no obvious
survival-based reason fod. griseahyphae to align with host

(61) Gerdes, S.; Cazabat, A. M.; Strom, G. The spreading of silicone oil droplets
on a surface with parallel V-shaped grooveangmuir1997, 13 (26), 7258~
7264.
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predicted by the water drop anisotropy measurements is consistent
with the idea that the plasma membrane follows the surface
topography, but cannot bend sufficiently to follow very rough
surfaces. This phenomenon has been directly measured by
20 | : interference reflection microscopy in the case of fibrobl&sts.
25 0 20 40 60 80 100 120 140 A strikingly similar.effect can be obserygd when one compares
Individual groove volume (fL/um) the water o_|rop anisotropy on _hydrophlllc grooves with that_of
) L . hydrophobic grooves (Supporting Information Figure S1), which
Figure 5. P. graminisalignment. (a) Correlation between the cell .5 e described in physical terms by the Cassie effect that leads

alignment and the water drop anisotropy on the different surface LB 64 - .
topographies. The solid line shows the linear regression of the data'® superhydrophobicit§*“The observation that capillary forces

set, and the dotted line shows the conditional correlation excluding &€ sufficient to align mammalian cells such as osteoblasts
data points #2, 4, 6, and 7. Correlation coefficienjsapdp-values suggests thatincreased understanding and ability to control these
are shown for both. Triangles show the alignment and water drop fundamental physical forces in vivo can be directly translated
anisotropies on chemically heterogeneous, striped surfaces (otsjnto improvements in clinical treatmeri.

compared with five chemically homogeneous controls (otsc). A : o
significant differencef < 0.05, Student’s test) from the control The phytopathogenic fung#s graminisdiffers from the other

is indicated with an asterisk (*). (b) Deviation from the dotted trend C€ll types used here in that its fitness as a plant pathogen is
line in panel a is shown as a function of groove volume. The largest known to be related to its ability to detect topographical features
deviation is observed for grooves with volumes larger than 55 fL/ of a substrate, such as grooves present on the surface of a wheat
um. leaf. A previous study showed that over 90% of the germ tubes
differentiate appressoria upon encountering a stoma in vivo, and
microfabricated grooves of dimensions comparable to the guard

Here we have shown that there is a linear relationship between s of st tal | & denth with .
droplet anisotropy and the anisotropic surface roughness (Figurece s of cereal stomatal complexes{th depth with spacings

2). This finding makes it possible to approximate the relative _of1_.5ﬂ_m) have been _fo_u_nd to induce about 85% differentiati_o_n,
anisotropic wettability from the known groove dimensions, so |nd|cat|ng§haP. graminiss a?"?‘O de‘?C‘ and .respondto speqﬂc
allowing one to test the hypothesis that capillary forces influence topograpr_ncal geometr_|é§?|’h|s IS co_n5|_s_tentW|th our observation
cell alignment without the immediate need for direct anisotropic that certain topographies gave a significantly enhanced response,

wetting measurements. The linear dependence of the water dropc,uggesting 'ghatthese topographjes actupona particu]ar signaling
anisotropy (or the ratio between spreading parallel and perpen-pathway' Itis known thata S|m'|lar topography sensing fungus
dicular to the grooves) on the anisotropic roughness factor is (Uromyce_s appendiculagisontains mechanos_e_nsnlve?ttmn .
predicted for the theoretical description of droplet spreading on channels_ in the cell membrane that are sensitive to mechanical
sinusoidal groove%As this theory is only valid for low roughness dgfoggnsgthn of the membrape such as bending or area expan-
factors, we do not yet have a theoretical explanation for the sion32°0]t is therefore conceivable that the extracellular matrix

slight deviation from strict linearity observed at higher roughness and_t(;elllwa:l ofthe ]itungur?_ cr?uld f|||bup thebsmgl_ller groo;/r(]es u(;ml
factors. As the theory predictshe same qualitative trends were acgl ;ﬁa Volume, ad(_arw Ic rrlu-:m rznef ending gver eet %e;s
observed for both hydrophilic and hydrophobic surfaces, making and the corresponding signal transduction can be expected to
it possible to use a single liquid/substrate combination for direct (62) Gleiche. M. Ohi. L. F.- Fuchs. 1. N — g "

: H H H H eiche, - I, L. F.; Fuchs, H. Nanoscopic channe attices witl
comparison with the cell alignment. The ideathat capillary forces ol 47 Hicoiropic wettingiature 2000 403 (6766), 173-175.
can influence cell shape in a way independent of specific  (63) Walboomers, X. F.; Monaghan, W.; Curtis, A. S. G.; Jansen, J. A.
molecular interactions is not only applicable to cells cultured on Qﬁ?chr&emlo; ;5’2&’5'(%‘;‘52‘1255"2%‘““ and microgrooved polystyréngiomed.

X . . . ater. res ) .

topographlcallygrooved surfapes, but also on flberzsl, (Iar21 capillary (64) McHale, G.; Shirtciiffe, N. J.; Aqil, S.; Perry, C. C. Newton, M. I.
tubes, and possibly on chemical patterns as Well2t: Topography driven spreadinghys. Re. Lett. 2004 93 (3), 036102.
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occur. However, based on this alignment mechanism alone, itthe type of tissu€® Capillary-induced contact guidance may
is difficult to explain how the smaller grooves have any effect provide a physical basis for cells to detect and respond, not only
on the hyphal alignment at all, since the cell wall and adhesion to the presence of particular molecules and interfaces, but also
pad of the fungus separate the membrane from the substrate byo their supramolecular organization, which can be simplified in
several hundred nanometers. This, together with the observatiorvitro by topographical and chemical patterning. A promising
that smooth chemical patterns can also induce a slight alignmentapproach to the understanding of capillary-induced contact
of P. graminis suggests that the anisotropic wettability has a guidance in vivo is therefore to quantify the physicahemical
basic effect on the cell, independent of the topographically induced properties of biological materials that may be expected to lead
bending of the membrane. Importantly, it would have been to capillary forces on length scales well below theut scale
impossible to determine the critical groove volume that induces of individual cells (for example, anisotropy, roughness, curvature,
this effect (60 fLL4m) without considering the capillary-induced elasticity, and chemical contrast, to name a few).
contact guidance as a background. .
The data foM. griseagerm tubes provide further evidence Conclusions
that topographically induced capillary forces are sufficient for ~ We have proposed a general physical mechanism for contact
alignment of fungal germ tubes. Sinkk griseahas the ability ~ guidance based on the fundamental physical phenomenon of
to penetrate plant surfaces directly through the leaf cuticle or droplet spreading and tested it with three well-studied cell types.
root epidermiS, there is no obvious need for this fungus to carry Inall cases, CapiIIary forces are found to be sufficient to induce
out extensive surface navigation prior to penetration. Furthermore, Cell alignment. Our hypothesis is relatively simple to test in the
mutants that are defective in pathogenesis-related differentiationcase of grooves that are significantly smaller than an individual
on p|ant surfaces showed perpendicu|ar germ tube a|ignment Once”, as calculation of the aniSOtrOpiC rOUghneSS factoris a gOOd
groo\/ed surfaces’ the degree of a|ignment being predictab|e a§)rediCt0r of the aniSOtrOpiC Wettabl'lty Deviations from this
a function of anisotropic wettability. Collectively, these data model provide insight into cell-specific geometry effects and
suggest thaltl. griseaalignment is governed by capillary effects mechanotransduction by mechanisms such as membrane bending
and is independent of host-specific surface sensing events. Thisor expansion, providing a useful method for studies that seek to
is consistent with previoum p|an’[aexperiments that showed unravel the mechanisms by which biological cells interact with
no differences in appressorium formation My griseaon host a surface.
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examples of anisotropy in extracellular materials include the — Supporting Information Available: Water drop anisotropy on
micro- and nanoscopic topographies of plant leaves resulting in hydrophobic grooves, complete data for mutant and wild-iperisea
anisotropic superhydrophobictfiand self-assembling collagen alignment, and cryo-SEM image of &h griseagerm tube. This material

. o ’ . . is available free of charge via the Internet at http://pubs.acs.org.
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