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a b s t r a c t

Traditionally bacteria are cultivated on the surface of agar, an environment that is experimentally conve-
nient, but it does not resemble the diverse micro-geometries of their natural habitat, such as abiotic (e.g.,
soil) and biotic (e.g., plant and other organisms) surfaces. In this work, microstructured environments
were manufactured from a biocompatible polymer, polydimethylsiloxane, to test the motility behaviour
of bacteria moving into complex, channel-like, closed geometries with different shapes and dimensions.
The motile bacteria were imaged by light microscopy and observed in replicate trials. It was found that
bacteria were capable of swimming through even narrow microchannels and that their swimming paths,
velocity and modes were influenced by a combined effect of channel width and its complexity. These
results show that the structured microfluidic environment can be used as a simple means to observe
and quantify the movement and navigation behaviour of bacteria through geometrically heterogeneous
environments.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bacteria, microorganisms that are critical to so many areas of
human life and activities with both beneficial and deleterious ef-
fects, live in a wide range of environments presenting complex sur-
faces. The process of colonisation of these environments usually
involves the motility of individual bacteria, either continuously
or as an initial stage of the formation of biofilms [1]. In order to
predict the movement of bacterial cells through various substrates,
e.g., soil or living tissues, one must know the factors controlling
bacterial movement in these environments.

In the last decade microfabrication and microfluidics have
been found to be very useful in the study of the behaviour of
microorganisms, as some fundamental questions can be ad-
dressed especially in the field of quantitative microbiology [2].
Microfabrication can be used to create complex environments at
the micrometer-scale and therefore enable the study of small
populations of cells. For example, it is now possible to analyze
a single bacterium or small group of cells under identical condi-
tions with control of the microenvironment and the age of the
cells. Among the materials used for microfluidics, poly-
dimethylsiloxane (PDMS) has been the most common because
of its suitability for studies involving living cells, as this material

is transparent, non-toxic and oxygen permeable [3]. The PDMS-
based microfluidics systems therefore offer a critical advantage
over agar surfaces, with respect to a more realistic resemblance
of the natural environment of bacteria.

The model organism used here is Serratia marcescens, a rod-
shaped, peritrichously-flagellated, Gram-negative bacterium,
about 1 lm in diameter by 2 lm long. The species is commonly
found in soil, water and on plant surfaces. In addition, S. marces-
cens is an opportunistic human pathogen that causes nosocomial
infections, particularly in immuno-compromised patients [4]. In
liquid media bacteria typically undergo a ‘‘run-and-tumble” ran-
dom walk biased by extracellular signals including chemo-attrac-
tants and chemo-repellents [5–7]. Briefly, the rotation of the
flagellar motor in the counter-clockwise direction propels the
cell forward and is referred to as a ‘‘run” (long intervals, a mean
of 1.0 s, during which the cell swims smoothly). When one or
more motors rotate in the clockwise direction, the cells ‘‘tumble”
(short intervals, a mean of 0.1 s, during which the cell changes
course) with little or no movement [8].

Here we describe a methodology that makes it possible to ana-
lyze the behaviour of bacterial cells in a wide range of restricted
geometries of different shape and complexity. The availability of
micro-channelled systems makes the study of how bacteria sense
their environment a straightforward exercise. The aim of this study
was to investigate quantitatively the influence of confinement on
the growth of S. marcescens cells in microchannels filled with a
nutrient rich medium.
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2. Methodology

2.1. Design of the test networks

The test networks comprised two parallel 2 mm-wide reser-
voirs connected through six 1 � 1 mm patterned areas. The six pat-
terned areas consist of a 100 lm-wide, 1 mm-long channel that is
actually a concatenation of five 100 � 100 lm patterned areas,
intercalated with 100 � 100 lm open, ‘plaza’-like spaces (Fig. 1).
The microstructures used in this work comprise (a) stripe struc-
tures and (b) comb structures.

2.2. Preparation of the tests networks

A silicon master was generated by standard photolithography
techniques followed by deep reactive ion etching (DRIE) using
the standard Bosch recipe [9]. The mazes were obtained by replica
molding of the master using PDMS. To prepare the PDMS precursor
and curing agent (Sylgard 184, Dow Corning, MI, USA) were mixed
in a 10:1 ratio. The resulting mixture was degassed under vacuum,
poured over the silicon master, heat-cured for 12 h at 65 �C and
then peeled away from the master. Before use, the PDMS structure
was rendered hydrophilic by treatment with UV. In all cases, the
base was an oxidized glass microscope slide and the sidewalls
and ceiling were the oxidized PDMS. A 10–20 ll culture of cells
(OD600 of 0.8) were loaded directly into the PDMS structures
through open edges. Prior to inoculation, the structures were filled
with Luria–Bertani (LB) liquid broth by placing the samples in a
vacuum chamber. To avoid the adhesion of cells to the glass, the
addition of a surface-active agent such as bovine serum albumin
(BSA) to the broth was necessary.

2.3. Bacterial growth conditions

Cells of S. marcescens were grown in LB liquid broth in a round
polypropylene tube containing 5 ml of medium with aeration at
30 �C. Difco LB medium (Becton Dickinson) consists of 0.5% yeast
extract, 1% tryptone, and 1% NaCl prepared in deionized water
and adjusted to pH 7.2.

2.4. Image acquisition and data analysis

The movement of S. marcescens cells in microchannels was ob-
served at room temperature. The microscope slide containing the
PDMS structure was placed on the stage of a Leica DM LB2 upright

microscope. Video images were acquired using 40� bright field
objectives, a 1.5� or 2� magnification changer and a Spot camera
(Diagnostic Instruments, Inc., USA) that collected images at 10
frames per second. The tracking of the cells and calculation of
velocity were performed using RETRAC 2.10.0.5 [10]. ‘‘Statistica
7.1” (Statsoft Inc., OK, USA) was used for statistical analysis and
Image Pro Plus 6.1 (Media Cybernetics, Inc., MD, USA) for
representation.

3. Results and discussion

3.1. The study of S. marcescens motility in microchannels

The effects of different channel widths (2–10 lm) on motility of
S. marcescens were investigated (Fig. 2). The cells of S. marcescens
were loaded into the microchannels constructed of PDMS and glass
at midlog phase (OD600 of 0.8). Complex mazes were used under
the assumption that an enclosed environment with designed
dimensions would provide a means to systematically perturb the
cell behaviour.

In the ‘plaza’-like space (data not shown) the track of a cell ap-
peared as a series of approximately straight segments, during
which the cell moves forward, separated by turns at random an-
gles. When a bacterium runs, its flagellar filaments work together
in a bundle. When the bundle re-forms after tumbling, the cell goes
off in a new direction. The average speed recorded for a straight
trajectory was 9.90 ± 4.98 lm s�1. We observed also that S. marces-
cens cells displayed clockwise circular trajectories near the pat-
terned area about 24 lm in diameter. The question of attraction
between the swimming bacteria and solid surface has been inves-
tigated by many authors. For instance, Vigeant and Ford [11] ex-
plained the circular motion observed and proposed that because
of their nonspherical shape, the cells constantly swim into the sur-
face and stay near to it for long period of time to enhance the prob-
ability of their adhesion to the substrate [11]. This explanation

Fig. 1. Scheme of the complete set of structures on the silicon master. Images (a)
and (b) represent the two different types of maze structures. The stripe structure
shown in (a) has an edge length of 100 lm and channels ranging between 2 and
10 lm in size. The comb structure in (b) has an edge length of 100 lm and channels
ranging between 5 and 15 lm. The channel depth for all structures is approximately
10 lm.

Fig. 2. Represents patterns formed by Serratia marcescens in the stripe structure in
three different channel widths. Image (a) is a 9 lm wide channel, image (b) is a
6 lm wide channel and image (c) is a 5 lm wide channel. The cells showed a
similar directional motion in the three different channels. The black arrows indicate
the swimming direction.
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however is not applicable in our case, as the bacteria swim in geo-
metrically fully confined microstructures.

The cells could swim through every channel regardless of their
size, but there were differences in their motility behaviour in rela-
tion to the channel width. In large channels, with widths close to
100 lm, the bacterial cells reaching the walls underwent a direc-
tional motion following closely the PDMS wall with only small
deviations in the swimming trajectory from a straight path within
the networks. As the width of the channels decreased, the bacteria
maintained nearly constant straight motion (Fig. 2a–c). The flagella
of the cells measured between 6 and 10 lm in length. Within the
channels with diameters close to this size, the tumbling motion
was executed with some difficulty since it is conceivable that the
flagella are unable to extend fully, which probably explains the ob-
served linear motion rather than serrated. When cells eventually
tumbled, they temporarily moved away from the microchannel
wall and then reassociated.

We observed that the motility behaviour was enhanced within
the microchannels in comparison to the motility in the ‘plaza’-like
area. The mean speed of S. marcescens cells within the networks
varied from 19 to 35 lm s�1 (Fig. 3, black curve). In microchannels
the bacterial flagella often adhered to the wall during a run, mak-
ing the motility measurements difficult and thus explaining the
speed variability. Several studies have demonstrated that cells
are affected by a surface only when they swim within 10 lm of
the surface of the wall [12,13], as the hydrodynamic interactions
decrease slowly with distance. Ramia et al. modelled the hydrody-
namics of flagellated bacteria swimming near a plane wall and
concluded that there is a small propulsive advantage to swim very
close and parallel to a planar surface [14]. This work confirms our
observations that the microchannels increased the swimming
speed of S. marcescens cells about 3 times in comparison to the ‘pla-
za’-like area.

3.2. S. marcescens motility in complex geometries

The comb structure consists of meandering channels with dif-
ferent width (5–10–15 lm) (Fig. 1b). We could therefore evaluate
how complex patterns impacted on the swimming motility of S.
marcescens. Bacterial cells confined within the comb structures fol-
lowed closely the shape of the structures over limited distances
when swimming within a 5 lm wide channel. In this very narrow
channel, the cells seem to be incapable of continuously executing a
linear trajectory and instead swam in a zigzag path (Fig. 4c). The 5
and 10 lm channels negatively affected the motility of S. marces-
cens cells. The additional complexity of the network makes motion
more difficult. The cells had difficulty following the frequent turn
in this structure (Fig. 4b and c). As the channel width increased,

the cells kept a directional trajectory and alternated from the right
to the left side of the channels over long distances as observed pre-
viously in the straight channels (Fig. 2a).

The fluctuations in distance of the bacterium to the channel
wall subsequently led to variation of the swimming speed and
swimming trajectory. The motility speed decreased, as the chan-
nels width decreased, from 57.78 ± 18.04 lm s�1 to 31 ± 7.48 lm
s�1 as shown in Fig. 3 (grey curve). The bacterial trajectories seem
to be altered by the collisions with the walls, thus impacting on the
rate at which the cells spread through the microfluidics structures.

While the stripe structures could direct the motion of the cells,
the comb structures demonstrated the difficulties for cells to swim
through intricate paths. Furthermore, more complicated networks,
e.g., mazes, prevent the cells spreading further on the surface and
constrained the swimming cells within small areas. Thus micro-
geometries can be purposefully designed, fabricated and operated
to induce the controlled growth at desired positions.

4. Conclusions

An important advantage of the system using microfluidics is
that it provides direct visual information on how a constraining
environment may affect bacterial motility. The system presented
here provided a convenient method to study the hydrodynamics
of swimming motility close to surfaces, and to determine the
chemical and physical dependence of these interactions. The motil-
ity parameters observed in restricting geometries varied with re-
spect to the microchannels size and complexity demonstrating
that the bacteria can swim through pores only slightly larger than
their own body, but the rate of swimming of cells increased when
they negotiated microchannels. Conversely, more complex micro-
structures restricted the cells movement. The understanding of
the motility of single cells will be an important step towards the
understanding of their population dynamics, which is relevant to
the comprehension of the early stages of biofilm formation and
bacterial infection.

Fig. 3. Represents the variation of bacterial velocity according to the structure and
channels width. The results concerning the stripe structure are represented by a
black curve and the one concerning the comb structure are represented by a grey
curve. The mean velocities were statistically different within a 95% confidence limit.

Fig. 4. Represents patterns formed by Serratia marcescens swimming in the comb
structure in three different channel widths. Image (a) is a 15 lm wide channel,
image (b) is a 10 lm wide channel and image (c) is a 5 lm wide channel. The cells
showed different motion in the three different channels: from a directional motion
in the widest channel to a more random motion within the 10 and 5 lm wide
channels. The black arrows indicate the swimming direction.
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