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Dynamics of the Alignment of Mammalian Cells on a

Nano-Structured Polymer Surface

Thomas Peterbauer,1,2 Sergii Yakunin,1 Jakub Siegel,1 Johannes Heitz*1

Summary: In vitro cultured mammalian cells are able to sense micro- and nanoto-

pographical features of their substratum, resulting in contact guidance of the cells

along topographical features, altered motility, proliferation and differentiation. We

here used embossed polyester films with nanogrooves to study the dynamics of cell

spreading and alignment of chinese hamster ovary (CHO) cells and cells of a rat

myogenic cell line. Our results suggest that the response of the cells studied is driven

by initial cytoplasmic protrusions, which emerge along the nanogrooves and pull the

cells along the direction of the nanogrooves.
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Introduction

Surfaces with nano-scale topographical

features are frequently used to probe the

ability of mammalian cells to respond to

environmental clues and their impact on

cell adhesion, morphology, migration, dif-

ferentiation and signalling.[1] The results of

these studies form a basis for the develop-

ment of materials with improved properties

for cell culture, medical devices and

artificial organs.

A range of factors affects the behaviour

of cells on structured surfaces, including

surface chemistry, feature geometry, fea-

ture aspect ratio and differences in the cell

types used.[2] In a recent communication,

we have employed polystyrene films with

periodic surface ripple structures generated

by laser processing to determine the

threshold at which alignment of a range

of cell types occurs.[3] The ripples had a

periodicity of 200 - 800 nm and a depth of

40 - 150 nm. The aspect ratios of the

surfaces were much lower than those
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employed in other studies,[4–5] yet we could

demonstrate that even on these smooth

substrates contact guidance occurs above a

cell-specific critical periodicity of 200 –

400 nm. We here present data on the

dynamics of cell alignment and attempt

to gain insight into the nature of the cell-

specific component(s) responsible for the

observed differences in cell behaviour. We

used foils mechanically embossed with

nanogrooves. This technique is frequently

employed to generate diffractive surface

structures like holograms and allows pro-

duction of surfaces on a large scale.
Generation of Patterned Surfaces

Substrata were generated by ultraviolet

(UV) embossing of polyester films.[6] Car-

rier films were coated with an UV-curable

polyester resin, imprintedwith an embossing

tool containing the nanopattern, and photo-

polymerized. The topography of the films

was examined by atomic force microscopy

(AFM, diCP-II,Veeco). Before use, samples

were surface-sterilized with 70% ethanol

and washed with phosphate-buffered saline

(PBS). The films were placed in Petri dishes

with a thin (0.18mm) plastic bottom

permitting microscopy with immersion oil

(m-Dishes, ibidi) and were fixed to the
, Weinheim wileyonlinelibrary.com
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bottom with appropriately shaped teflon

inserts.
Cell Culture and Labelling

CHO cells and a cell line derived from rat

skeletal myoblasts[7] were maintained at

378C in Dulbecco’s Modified Eagle Med-

ium (DMEM, EuroClone) supplemented

with 10% fetal bovine serum (FBS, Euro-

Clone) and 5mgml�1 gentamycin (Euro-

Clone) in a humidified atmosphere contain-

ing 5% CO2. Cells were dissociated with

PBS containing 0.05% trypsin and 0.02%

EDTA and seeded onto the patternded

surfaces. Staining of cells with the lipophilic

fluorescent dye PKH26 (Sigma Aldrich)

was performed according to the manufac-

turer’s recommendations. For time-lapse

video microscopy (performed at ambient

CO2 concentration), the medium was

supplemented with 50mM HEPES.NaOH

(pH 7.2).
Figure 1.

AFM image a polyester film with embossed nano-

grooves.
Microscopy and Image Analysis

Phase contrast and fluorescence micro-

scopic images were acquired using an

Axiovert 200M invertedmicroscope (Zeiss)

equipped with a Zeiss LSM 510 META

laser scanning module and a transmitted

light detector. Images were analysed with

ImageJ v. 1.43 software (http://rsb.info.

nih.gov/ij). Cell outlines were digitized

using the NeuronJ plugin.[8] The deviation

of the cell orientation from the groove

direction (orientation angle, OA) was

defined as the absolute value of the smallest

angle between the major axis of the ellipse

best fitting the perimeter of an individual

cell and the nanogroove direction, yielding

values between 0 and 908. An OA of 08
denotes perfect alignment, while a popula-

tion of randomly oriented cells should have

a mean OA of 458. Note that the cells used

were more or less symmetrical and were

seeded onto a symmetrical pattern. Thus, it

is meaningless whether deviations of cells

from the groove direction occur clockwise
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or counter-clockwise. Assuming that

imperfect alignments follow a normal

distribution with mean zero (groove direc-

tion) and variance s2, OA values follow a

half-normal distribution[9,10] with mean m

given by

m ¼ s

ffiffiffi
2

p

r
(1)

To compare distributions for statistically

significant differences, F-tests (rather than

the usual t-tests) were performed,[11] using

s calculated from m.

The dimensionless index circularity was

defined as

M ¼ 4pArea

Perimeter2
(2)

Comparisons for statistical significance

were made here by t-tests.

Results were considered significant at an

error probability p< 0.05 for F-tests as well

as for t-tests.
Results

The foils used had grooves with a periodi-

city of approximately 750 nm and a depth of

150 nm as resolved by AFM (Fig. 1).

Chinese hamster ovary (CHO) cells as well

as cells from a rat myogenic cell line

responded to the nanotopographical fea-

ture. One day post seeding onto the

patterned surface, the average orientation

angle of CHO cells was 8.38 (Fig. 2). As

expected, randomly orientated cells were
, Weinheim www.ms-journal.de



Figure 2.

Alignment of CHO cells on nanogrooves (closed bars) and unpatterned control substratum (open bars). Average

orientation angle (A) and histogram (B) one day post seeding (n¼ 100).
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observed on an adjacent unpatterned con-

trol area. Their average orientation angle

(46.98) was significantly larger compared

with aligned cells.

The effect of the nanotopography was

not merely restricted to cell orientation.

When expressing cell shape in terms of

shape descriptors, differences in morphol-

ogy were also observed. CHOs showed a

circularity of 0.43� 0.19 on the patterned

surface, significantly lower compared with a

value of 0.59� 0.18 on unpatterned area

(i.e., the cells on nanogrooves were more

elongated than control cells).

We have previously noted that a myo-

blast cell line derived from rat skeletal

muscle responds somewhat weaker to

smooth nanotopographical features than

other cell types tested.[3] In line with this
Figure 3.

Alignment of rat myoblasts on nanogrooves (closed ba

Average orientation angle (A) and histogram (B) one da
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observation, OA values for this myoblast

line were higher than those of CHO cells

(14.98 in the experiment shown in Fig. 3),

with a higher proportion of cells not aligned

with the nanogrooves. This distribution was

significantly different compared with con-

trol myoblasts as well as with CHOs seeded

on nanogrooves. The circularity of myo-

blasts was 0.34� 0.17 on patterned areas

and 0.44� 0.16 on unpatterned contol

areas. Myoblasts as well as CHOs were

found to robustly align along the nano-

grooves as judged by visual inspection in at

least 3 independent experiments on differ-

ent batches of patterned films.

Time-lapse video microscopy of

attached cells revealed very little motility

of both cell lines (not shown), suggesting

that the cell orientation is not the conse-
rs) and unpatterned control substratum (open bars).

y post seeding (n¼ 100).
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Figure 4.

Fuorescence images (left panel) of rat myoblasts (A) and CHO cells (B) stained PKH26. The nanogrooves of the

substrate are visible as vertical lines in the corresponding phase contrast images (right panel). Scale bar, 10mm.

Figure 5.

Time-lapse phase contrast images of a CHO cell seeded onto a patterned substrate (A). Orthogonal stack slices

(B) with time as the z-axis (300min, 150 slices). The cell spreads almost exclusively along the vertically oriented

nanogrooves. Scale bar, 10mm.
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Figure 6.

Time-lapse phase contrast images of rat myoblasts seeded onto a patterned substrate. Arrows denote

cytoplasmic protrusions emerging along nanogrooves (visible as vertical lines). Scale bar, 20mm.

Macromol. Symp. 2010, 296, 272–277276
quence of guided migration. Hence, it

appears that it is already established during

cell attachment and/or spreading.

The time required to complete attach-

ment varied considerably. Rat myoblasts

were able to attach within 1 – 2 h to the

substratum, while CHO cells required 5 h or

more. During attachment, rat myoblasts

frequently showed long filopodia as visua-

lized with the fluorescent membrane dye

PKH26. These filopodia showed rapid

movements, but some remained aligned

along the nanogrooves (Fig. 4). In contrast,

CHO cells displayed only short cytoplasmic

protrusions.

The majority of the CHO cells showed

bipolar spreading. Their contact area

increased almost exclusively along the

groove direction (Fig. 5). Myoblasts, how-

ever, frequently had more than two sites

with plasma protrusions pulling the cells

along different grooves, resulting in a less-

defined shape and cell spreading along the

axis perpendicular to the orientation of the

nanogrooves (Fig. 6).
Conclusion

We have here demonstrated that mechan-

ical embossing of polymer foils can success-

fully be utilized to generate large quantities

of patterned substrates to study the

responses of cells to nanotopographical
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
features. Our results suggest that the

oriented spreading of the cell types studied

is largely determined by the very first

protrusions emerging from a cell, with their

location being affected by subtle topogra-

phical features. However, cells with a

strictly bipolar spreading of cytoplasmic

protrusions from two opposing poles

(CHOs) show better alignment than myo-

blasts with a less restricted locations of

initial spreading. Filopodia do not appear to

be a prerequisite for alignment.
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