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Abstract. Many bacteria dwell in micro-habitats, e.g., animal or plant tissues,
waste matter, and soil. Consequently, bacterial space searching and partitioning
is critical to their survival. However, the vast majority of studies regarding the
motility of bacteria have been performed in open environments. To fill this gap
in knowledge, we studied the behaviour of E. coli K12-wt in microfluidic
channels with sub-10 µm dimensions, which present two types of geometries,
namely a diamond-like network and a maze. The velocity, average time spent,
and distance required to exit the networks, have been calculated to assess the
intelligent-like behaviour of bacteria.
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1 Introduction

Solving mazes is a nontrivial exercise that has been used for testing the intelligent-like
behaviour of many organisms, e.g., ants [1], bees [2], rats [3], octopi [4, 5] and humans
[6], as well as robots [7, 8] and rat-cyborgs [7]. Interestingly, even simple organisms,
such as slime mold and fungi [9–11] possess complex and efficient biological algo-
rithms employed in space searching and partitioning. However, despite their ubiquity,
and despite studies regarding the motility characteristics of E. coli and its variants in
straight microfluidics channels and directional preferences [12], or in simple geometries
[13, 14], bacteria have not been the subject of an assessment of their intelligent-like
behaviour via the classical exploration of mazes. Furthermore, earlier studies use
chemotactic/attractant-based solution seeking studies in a maze [8–10], but chemotaxis
is inferring with bacterial innate space searching capabilities, which are essential in
nutrient poor environments. To fill this gap in knowledge, we studied the maze solving
abilities of a common lab host, Escherichia. coli K12-wt, using simple microfluidics
networks depleted of chemotactic clues.
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2 Materials and Methods

Poly di(methyl) siloxane, PDMS, was used to fabricate the confining network, via soft
lithography replication using a silicon master, in turn fabricated using optical lithog-
raphy. The designs of the microfluidics networks comprise a simple, uniform diamond-
shaped maze, and a more complex, non-uniform maze. The height of the channels is set
up to 6 µm and the widths are 3 µm. The protocol for the fabrication of microfluidics
networks has been described earlier [12].

The PDMS microfluidics networks were plasma-treated, to render them hydro-
philic, then sealed on to the coverslips, pre-wetted in a Petri dish with LB medium, and
stored at low temperature before use for experiments. For the bacterial motility
experiments, the PDMS structures were explored by a log phase culture of fluorescently
labelled E. coli K12 (Plasmid, pmf-440mcherry, add gene plasmid #62550 received a
gift from Prof. Michael Franklin’s lab). The fluid environment is a nutrient-rich
medium, i.e., Luria-Bertani (LB) broth. Furthermore, the observation times were short
enough to precluded and discernable consumption of nutrients resulting in concen-
tration gradients. This experimental methodology would provide answers not only to
explore the shortest paths but also various paths that may contribute to efficient
searching of the space in a geometrically complex microenvironment.

The movement of bacteria in microfluidics networks was studied using a fluores-
cence microscope (Olympus IX83) with a 40X objective. The frames were analysed by
ImageJ open software with plug-ins, e.g., track mate and MtrackJ [15]. We used
density maps generated from background subtracted image stacks. The motility was
recorded as tracks of x-y coordinates, which were used for the calculation of several
other physical parameters.

3 Results and Discussion

3.1 Diamond Networks

The diamond structures present to bacteria two types of routes of the shortest path from
entry to exit, i.e., the outer boundary routes (Fig. 1A(ii)), of and the zig-zagged path
(Fig. 1A(iii)). Because of its symmetrical nature, in the uniform maze (diamond
structure), the shortest path is equivalent irrespective of the route that the bacteria take
(provided the bacterial agents do not revisit any path). The heat patterns of the tra-
jectories in Fig. 2A suggest that E. coli prefers the outer straight-line paths (as shown in
Fig. 1A(ii)). Although the zigzagged inner paths were also explored, these instances
were rare and they happened when the outer boundary channels were crowded.

3.2 Maze Structures

Similarly, to the study of the bacterial motility in the diamond networks, we calculated
the performance parameters for non-uniform mazes. Contrary to the results in diamond
structures, the inner paths were well explored, and the heat-map reached saturation. It
can be observed (table (Fig. 2C)) that E. coli spent more time in the non-uniform maze
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compared to the diamond structures, possibly due to the geometries like circular pillars,
corners and barriers that deflected and diverted the bacteria visiting already explored
paths.

Apart from the above-mentioned qualitative and empirical observations, we studied
other motility characteristics, i.e., the preferences for long, and short points of the maze,
and directional preferences. Interestingly, E. coli K12 appears to use a ‘wall-follower
algorithm’ which helps to solve the maze faster that would be otherwise achieved by a
random exploration. This natural algorithm could be the result of the propensity of
E. coli to swim closer to a surface (“wall accumulator” behaviour). This hypothesis

Fig. 1. A. Uniform maze (diamond structures): (i) layout of the diamond maze, (ii) and (iii) few
different possible routes in the structure with the simplest (ii – green and red) and a zig-zag path
(iii - pink). B. Non-uniform maze: (i) layout of the maze with two types of entry, short and long,
(ii) and (iii) examples the shortest path possible (ii-green); and the longest path (iii – red). In both
mazes, a bacterium could spend any range of time between seconds to hours, as the mazes are
allowed for multiple solutions. Therefore, the paths presented here are only a few from possible
paths. (Color figure online)
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needs to be verified by further experiments seeking to compare this natural algorithm
for bacteria having “wall escaper” behaviour, e.g., Magnetococcus marinus MC-1.

Another layer of complexity is the emerging behaviour of space search algorithms
resulting from extremely varied architectures of the flagellar system. Finally, in many
cases bacteria vary the ratio and frequency of the run & tumble machinery in response
to the environment parameters, which in turn will impact on the natural space search
and partitioning natural algorithms. Future more comprehensive experiments involving

Fig. 2. A Motility of E. coli K12-wt in diamond structures - (i) Optical image of the structure
under a microscope. (ii) Heat-maps/density map of bacterial trajectories in the diamond structure
B. Motility of E. coli K12-wt in maze structure. (i) Optical image of the microfluidic device.
(ii) Heat-maps/density maps of the bacterial trajectories in a non-uniform maze, (iii) few actual
representative trajectories of the E. coli K12 in the maze. C. Tabular column comparing three
major parameters calculated from the motility of bacteria in the network.
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various species of bacteria, each presenting different architectures, will advance in the
understanding of the relationship between bacterial structure and resulting space search
and partitioning algorithms.

4 Conclusion

In opposition to other studies, which studied bacterial motility in non-confining
environments, the present work focused on the movement of bacteria in confining
microfluidics structures, which could be conceived as a model of the microenviron-
ments that they colonise. Furthermore, the present study operated in fluid conditions
that suppress chemotaxis, which is one of the main driving forces of the directionality
of bacterial movement. Consequently, the bacterial capacity to explore simple networks
and more complex mazes, could be explored free of chemotaxis inference. This pre-
liminary study suggests the further exploration of the motility patterns of other bacteria
with different flagellar arrangements, and number, and exhibiting wall-escaping as well
as wall accumulator character. Finally, this study suggests that bacteria can act as
independent ‘computational’ agents solving mazes by employing space searching and
partitioning natural algorithms.
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