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a b s t r a c t

Nano-structured silicon wafers with arrays of dots and lines of different width and pitch were manufac-
tured by e-beam lithography. The resulting arrays were composed of 50 � 50 lm fields. These arrays con-
sisted of either dots (gold) of different width (400–800 nm) and pitch (500–1000 nm) or lines (gold) of
different width (100–1000 nm) and pitch (200–1200 nm) and were characterised by atomic force micros-
copy. The wafers were incubated with bacterial suspensions under their optimal physiological conditions
and carefully rinsed. The surfaces were then treated with a fluorescent cell viability stain and the remain-
ing bacteria were imaged with a fluorescence microscope in the reflectance mode to count the number of
live and dead cells on the array fields. The results confirm that the cell survival and adhesion was influ-
enced by a combined effect of bacterial size, physiology and array surface topography. These investiga-
tions provide insights that may be useful for the manufacturing of ‘designer’ materials with pro- or
anti-bacterial properties.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The design and manufacture of nanostructured surfaces with
defined topography and chemical functionality provides excellent
opportunities to generate novel pro- or anti-bacterial surfaces for
lab-on-a-chip systems, miniaturised bioreactors or medical de-
vices. Bacterial cell adhesion, an important step in biofilm forma-
tion, can be influenced by a variety of physico-chemical and
topographical features associated with the interfacial contacts
made between a bacterium and a surface [1–3]. Recently, we used
microstructure arrays on silicon wafers manufactured by optical
lithography to investigate their effect on bacterial cell viability
and attachment [4]. These micro-structure arrays had been coated
with gold and were further modified through direct self-assembly
processes with 11-mercapto-1-undecanol or 1-undecanethiol,
resulting in respectively hydrophilic or hydrophobic self-assem-
bled monolayer surfaces. Cell viability and adhesion was found to
be influenced by a combined effect of the zeta-potential of the sur-
face (when compared to that of the bacterium) and surface topog-
raphy of the micro-structure array. Although bacterial adhesion
and biofilm formation has been documented in the literature for
a variety of different surfaces [5–10], bacterial behaviour on nano-
structured surfaces has so far not been systematically explored. In
this study, we have investigated the effects of surface nano-
topography on the attachment and viability of two bacterial spe-

cies, namely Escherichia coli and Staphylococcus aureus. The use of
nano-structured arrays has the advantage of allowing the simulta-
neous rapid screening of the effects of different topographies on
the adhesion of the same or different bacterial strains under simi-
lar conditions, which is difficult to achieve when individual sur-
faces are screened separately due to the variability in handling
conditions, and the possibilities for non-equivalence in the number
of colony forming units per mL or non-comparability in the bacte-
rial growth kinetics over time.

2. Methodology

2.1. Manufacturing of nano-structures

Nano-structured arrays were manufactured on silicon wafers by
e-beam lithography at the Instituto Microelectronica (Barcelona,
Spain). A 100 nm thick layer of a positive electron beam lithographic
resist (poly-methyl methacrylate, PMMA 950 k) was deposited by
spin-coating on top of an oxidised silicon chip. This layer was then
subjected to e-beam lithography and development to locally re-
move the PMMA to form a dot or line pattern. Subsequently, a
35 nm thick gold-on-chromium (30 nm/5 nm) layer was deposited
over the entire chip by e-beam evaporation; the remainder of the
PMMA was then removed with acetone, resulting in an oxidised sil-
icon surface interrupted by gold protrusions in form of dots or lines
(Fig. 1A). These nano-structured surfaces had either gold dots with a
height of 35 nm or lines of 35 nm height on 50 � 50 lm2 areas. Ar-
ray 1 (dot pattern) was manufactured with a dot diameter (width,
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w) of 200 nm, 400 nm and 600 nm and a pitch (p) of 500 nm, 750 nm
and 1000 nm (Fig. 1B). Array 2 (line pattern) was manufactured
with a nominal line width of 100 nm, 200 nm, 400 nm, 600 nm,
800 nm and 1000 nm, and a nominal pitch of 200 nm, 400 nm,
600 nm, 800 nm, 1 lm and 1.2 lm (Fig. 1C). Structures were sub-
jected to defectivity analysis with atomic force microscopy prior
to use.

2.2. Bacterial cell culture and exposure to nanostructures

E. coli BL21 (ATCC 11303) and S. aureus (ATCC 6538), obtained
from the Department of Microbiology, Monash University,
Melbourne, Australia, were selected as representative species, as
they have the cell wall characteristics of gram-negative and
gram-positive bacteria, respectively. E. coli was grown in LB med-
ium and S. aureus in 2YT medium. One litre LB medium contained
10 g tryptone (pancreatically digested casein, Merck, Darmstadt,
Germany), 5 g yeast extract (Merck, Darmstadt, Germany) and
10 g NaCl (Amresco, Solon, OH, USA). One litre 2YT medium con-
tained 16 g tryptone, 10 g yeast extract and 5 g NaCl. The pH of
all media was adjusted to 7.2. Cells were grown until they reached
the mid-log phase, centrifuged and the pellets were resuspended in
phosphate buffer to adjust the final cell concentration to
1 � 3 � 108 colony forming units/mL. All nano-structured wafers
as well as the planar reference surfaces were incubated in the cell
suspensions for 2 h, washed twice with phosphate buffer and ultra
pure water and air-dried at room temperature. Time course incu-
bation experiments of E. coli and S. aureus with planar gold surfaces
(Arrandee, Werther, Germany) were performed from 15 min to 2 h
30 min.

2.3. Fluorescence staining and microscopy

The nano-structured silicon wafers, after having been incubated
with the bacterial solutions, were soaked in a solution of LIVE/

DEAD BacLight bacterial viability fluorescent dye (Invitrogen Pty
Ltd., Melbourne, Australia) for 15 min and washed with sterile ul-
tra pure water, dried and investigated with an Olympus BX51 fluo-
rescence microscope (Olympus Corporation, Tokyo, Japan) in the
reflectance mode. Images were taken in fluorescent mode using a
U-MWB2 cube for live and a U-MWG2 cube for dead cells or in
the differential interference contrast (DIC) mode with a digital Spot
R3 camera (Diagnostic instruments, Inc., Sterling Heights, MI, USA).
Image and data processing were carried out with the Image-Pro
Plus 6.0 software (Media Cybernetics, Inc., Silver Spring, MD,
USA) to count the numbers of live and dead bacteria in triplicate
measurements. To enable comparison, the cell numbers were ex-
pressed per 100 lm2.

2.4. Surface analysis

Surface characterisation was undertaken in air with a PicoPlus
atomic force microscope (AFM) interfaced with a Picoscan 3000
controller (both from Molecular Imaging Inc., USA). A silicon canti-
lever (Ultrasharp, NSC15/AIBS, MikroMasch) was used with a typ-
ical spring constant of 40 N/m in tapping mode. The resulting
images were analysed using software WS�M 4.0 Develop 11.6.

3. Results and discussion

In this investigation, e-beam lithography was successfully used
to produce arrays with gold/silicon oxide nano-structures in the
form of dots and lines of different sizes and with different spacings.
An AFM image of a subsection of a field of lines is shown in Fig. 1D.
To assess the propensity of bacterial cells to adhere to these arrays
of nano-structures, these new materials as well as the planar refer-
ence surfaces were incubated with suspensions of E. coli and S. aur-
eus. Examples of differential interference contrast microscopy
(DIC) images of live S. aureus cells on dot and line gold/silicon oxide
nano-structured surfaces are shown in Fig. 2. With DIC methods,
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Fig. 1. Steps to manufacture nanostructured surfaces. (A) A silicon wafer was subjected to oxidation, poly-methyl methacrylate (PMMA) deposition, e-beam lithography, gold
deposition and PMMA lift-off. (B) Scheme of dot array containing fields of dots with varying dot widths and pitch. (C) Scheme of line array with fields of lines of different line
widths and pitch. The height of the structures was 35 nm. (D) Atomic force microscopy image of a section of a field of gold lines on silicon oxide with a width of 600 nm and
pitch of 400 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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