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Abstract

Tissue engineering is a rapidly developing and highly interdisciplinary field that applies the principles of cell biology,

engineering and material science. In natural tissues, the cells are arranged in a three-dimensional (3D) matrix which

provides the appropriate functional, nutritional and spatial conditions. In scaffold guided tissue engineering 3D scaf-

folds provide the critical function of acting as extracellular matrices onto which cells can attach, grow, and form

new tissue. The main focus of this paper is to understand cell behavior on micro-grooved and ridged substrates and

to study the effects of geometrical constraints on cell motility and cell function. In this study, we found that BAE

(Bovine Aortic Endothelial) cells naturally align with and are guided along 3D ridges and grooves machined into

polymethylmethacrylate (PMMA) substrates. Average cell speed on micro-grooves and ridges ranged from

0.015 lm/s (for 12 lm wide and 10 lm deep ridges) to 0.025 lm/s (for 20 lm wide and 10 lm deep ridges). This com-

pares with the cell motility rate on a flat PMMA surface where the average cell speed is around 0.012 lm/s. In this work

we used scaffolds which were directly written with a focused proton beam, typically 1 MeV protons with a beam spot

size of 1 · 1 lm2.
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1. Introduction

The new field of tissue engineering can be de-

scribed as ‘‘you start with some building material
ed.
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Fig. 1. Schematic representation of the production process of

micro-pattern: the dimensions of micro-grooves and ridges are

described in terms of groove width (Gw), ridge width (Rw) and

groove depth (Gd).
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(e.g. extracellular matrix (ECM), biodegradable

polymer), shape it as needed, seed it with living

cells and bathe it with growth factors’’. When cells

multiply, they fill in the scaffold and make up

new three-dimensional (3D) tissues, and once im-
planted in the body, cells can recreate their

intended tissue functions. With blood vessel attach-

ment to the new tissues, the scaffold dissolves, and

the newly grown tissues combine with their sur-

roundings. Tissue engineering can also utilize

naturally derived or synthetic, engineered biomate-

rials to replace injured or defective tissues, such as

skin, bone, cartilage and even organs. Today,
thanks to this realization and the improving re-

search in this area, some of the simpler tissues,

for example skin and cartilage, have already been

used in clinical applications [1].

The formation of new capillary branches from

pre-existing blood vessels is known as angiogene-

sis. Endothelial cells (ECs) form the inner surface

of a blood vessel; they are surrounded with a layer
of extracellular matrix (ECM) and an outer layer of

smooth muscle cells (SMCs). The efficient con-

trol of the angiogenesis process is essential to help

organs build up vessels in bioreactors and cure

many diseases caused by either the excessive or

insufficient blood vessel formation. Therefore it is

necessary to understand the behaviour of ECs

which line the blood vessels, not only through
biochemical signaling, but also the behaviour of

cells constrained in a three-dimensional physical

environment.

In tissue engineering, 3D scaffolds act as extra-

cellular matrices onto which cells can attach, grow,

and create new tissues. The fabricated scaffolds are

usually synthetic polymers. It is believed that in

the tissue micro-environment, geometric con-
straints (i.e. a scaffold) can play a key role in deter-

mining the endothelial cell behaviour, such as

growth, migration, or death [2]. However, very lit-

tle work has been carried out on the effect of

micro-substrate geometry on cell behaviour be-

cause of the general unavailability of precise 3D

substrate fabrication techniques. The work that

has been performed previously was, in the main,
dependent on optical lithography in order to pat-

tern surfaces. Optical lithography is a masked sur-

face machining technique that fabricates a shallow
pattern in the substrate (usually silicon). In order

to extend the pattern to a 3D structure, reactive

etching is required. The whole process is relatively

complicated, and therefore not widely available to

biomedical researchers. Potentially proton beam
(p-beam) writing, as the only direct-write 3D

micro-machining process, does not need an inter-

mediate masked step or subsequent reactive ion

etching. P-beam writing uses a focused MeV pro-

ton beam to write structures directly which have

precise 3D geometry and vertical side walls [3,4].

We have previously observed that fibroblast cells

attach and grow very well directly on the surface
of PMMA, and we have also shown that simple

ridges and grooves of different sizes in the microm-

eter range produced by proton beam writing on

PMMA substrates can have significant effect on

fibroblast cell behaviour [4].

The aim behind this current project is to fabri-

cate various 3D micro-patterns to investigate the

effects of different substrate geometry and matrix
material on the behaviour of endothelial cells, in

particular migration rates and alignment.
2. Experimental

2.1. Scaffold manufacture

All the micro-machining work presented in this

project was carried out using the p-beam writing



Fig. 2. Plan view of PMMA (2 mm thick) exposed by 1 MeV

p-beam (1 lm spot size) and chemically developed.
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facility at the Centre for Ion Beam Applications

(CIBA), National University of Singapore. As

shown in Fig. 1, a piece of PMMA, approximately

1 · 1 cm2, 2 mm thick, was exposed to 1 MeV pro-

tons focused to a beam spot size of 1 · 1 lm2. The
dose needed for the irradiation by 1 MeV p-beam

was 60 nC/mm2. Generally, the development of

the PMMA substrate was processed by the steps

described in [5]. Fig. 2 shows an optical photo-

graph of this substrate which has 20 lm wide

grooves/ridges at a depth of 10 lm. In order to

investigate whether ECs respond differently to var-

ious dimensional grooves and ridges, we repeated
the same experimental steps to fabricate a second

substrate which has 12, 18, 20 lm for width of

grooves, ridges and depth respectively.

Endothelial cells require a suitable growth med-

ium in which to survive. For this project, which is

to observe cell motility on 3D micro-groove/ridge

structures, it is necessary to bond a top housing

onto the structure in order to avoid growth med-
ium evaporation. The schematic representation of

bonding process is described in Fig. 3. The

20 lm wide ridged scaffold and the 12 lm ridged

scaffold were each bonded to a top housing of sim-
Fig. 3. Schematic representation of the fabrication proce
ilar dimensions. A plain PMMA structure was also

fabricated in this way to observe the ECs move-

ment on plain surfaces.

2.2. Cell culture and migration experiment

Before cell culturing, it was necessary to steril-

ize each bonded scaffold in UV light for 20 min

each side. Next, Bovine Aortic Endothelial

(BAE) cells were seeded at the density of
ss for bonding a top housing onto the 3D scaffold.
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1 · 105 cells/ml into one of the two wells in each

scaffold assembly, located in a culture dish con-

taining growth medium. After the cells had mi-

grated to the ridge/groove area, the dish was

moved to an incubator on the microscope. The
suitable incubation conditions for cells culture

are 37 �C and 5% CO2 to achieve a PH value

around 7. In order to characterize the migratory

pattern of cells, digital photographs were re-

corded by a Zeiss Axiovert 200M Light Micro-

scope. Time intervals between the images were

kept at 600 s, which through earlier tests was

shown to be an optimal time lapse interval.
BAE cells were respectively cultured on plain

PMMA, scaffolds Rw20Gw20Gd10 (ridge width

20 lm, groove width 20 lm, and groove depth

10 lm) and Rw12Gw18Gd10 (12 lm ridges and

18 lm grooves, 10 lm deep). Generally 60 frames

were captured to describe the living cells move-

ment in each migration experiment.
Fig. 4. Image of BAE cell migrating (a) on plain PMMA

surface, (b) on Rw20Gw20Gd10, (c) on Rw12Gw18Gd10 (Rw,

ridge width; Gw, groove width; Gd, groove depth).
3. Results

It is found that on plain PMMA surface BAE

cells had a random walk in all directions with a

general trend along the connecting slot, see Fig.

4(a). On the grooved and ridges scaffolds, the cells

elongated in the direction of channels and were
guided by the grooves/ridges, see Fig. 4(b) and (c).

The average cell speed on each of the three

structures are listed in Table 1, and were calcu-

lated by utilizing image analysis program IDL.

It can be seen that the cells growing on scaffold

Rw20Gw20Gd10 move faster than those on

Rw12Gw18Gd10 and flat surface of PMMA.

T-test statistics, with a threshold of 0.05 for sig-
nificance, were performed to compare the cell

speed on Rw20Gw20Gd10 and Rw12Gw18Gd10

with the cell speed on a plain PMMA surface

(see Table 2). These two comparisons show that

cell speed on Rw20Gw20Gd10 is significantly

faster than on a plain surface, while there is no sta-

tistically difference between the cell speed on

Rw12Gw18Gd10 and on the plain PMMA
surface.

The directional movement of each single cell

can also be analyzed by the calculated guidance
angle between cell migration and the direction of

grooves. If the cells are not guided, i.e. random

walk, then the average angle is around 45�. On

the contrary, if the cells are all aligned and move
along the grooves or ridges, the average angle is

low [6]. In our case, the guidance angle can be



Table 2

Comparison of cell average speed on plain surface with (a) Rw20Gw20Gd10, (b) Rw12Gw18Gd10 (Rw, ridge width; Gw, groove

width; Gd, groove depth)

Average speed on plain surface

(lm/s)

(a) Average speed on Rw20Gw20Gd10

(lm/s)

(b) Average speed on Rw12Gw18Gd10

(lm/s)

0.012 0.025 0.015

P value: 9.686E�5 P value: 0.069

The speed of 10 cells on each substrate were used in each comparison.

Table 1

Cell speed on plain PMMA surface and grooved/ridged scaffolds (Rw, ridge width; Gw, groove width; Gd, groove depth)

Samples Width of ridges (lm) Width of grooves (lm) Depth of grooves (lm) Average cell speed (lm/s)

Plain PMMA 0 0 0 0.012 ± (3)

Rw20Gw20Gd10 20 20 10 0.025 ± (8)

Rw12Gw18Gd10 12 18 10 0.015 ± (4)
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observed to be 18� on Rw20Gw20Gd10 and 24� on
Rw12Gw18Gd10, indicating that BAE cells are

guided more by the Rw20Gw20Gd10 patterns.
4. Discussion and conclusion

Adhesive interactions between cells and the
extracellular environment play a crucial role in

affecting cell morphology, gene expression, and

the rates of cell proliferation [7]. For example,

we have shown that cell migration rates vary

depending on the various dimensions of micro-

grooves and ridges fabricated by p-beam writing.

The internal structure of the cell is responsible

for cell movement. The cytoskeleton consists of
an internal frame of micro-filaments, micro-tu-

bules and intermediate filaments. The marked cel-

lular behaviour associated with micro-grooves/

ridges, such as alignment and elongation, can be
Fig. 5. Schematic view of cytoskeleton. (a) A cell on a flat surface; (b)

is growing on a grooved/ridged scaffold.
well explained in terms of the reformation of the

cytoskeleton. Fig. 5(a) displays a schematic of a

cell on a flat surface. The micro-filaments as shown

are mainly going from the region close to the nu-

cleus towards the periphery of the cell, with only

a few micro-filaments being lateral. On the other

hand, when the cell is on a grooved/ridged sub-

strate, as shown schematically in Fig. 5(b), the mi-
cro-filament bundles form predominately along

the direction of the groove [8,9].

From the experiments we can see that cells

move faster and are aligned better when confined

on 20 lm ridges (Rw20Gw20Gd10) than cells on

12 lm ridges (Rw12Gw18Gd10). This difference

suggests that speed of cellular movement is af-

fected by the dimensions of the micro-features on
the surface. Endothelial cells change their shape

when they are aligned on the grooves and ridges;

and in our case it also appears that 20 lm wide

ridges stimulate the cells to move faster than either
the reformation of the micro-filaments that happens on the cells
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on plain surfaces or 12 lm wide ridges. There may

well be an optimum geometrical constraint for cell

migration enhancement, which will have impor-

tant consequences in tissue engineering and under-

standing angiogenesis.
The endothelial cell behaviour studies on the

micro-grooved and ridged substrates has also

proved that proton beam writing is a very suitable

rapid patterning technique which can be used to

understand cell response associated with geometri-

cal constraints.
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