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Evolutionary pressures have driven many single-celled organisms
to develop sophisticated mechanisms for organizing into colonies,
which benefits the population as a whole.  Such coordination by
bacteria to form densely packed colonies has been shown to confer
an increased ability to defend against applied chemical solutions
or antibiotics.  Many bacterial species naturally form highly-organized
biofilms on various surfaces in order to resist environmental stresses.
Such biofilms are ubiquitous in nature and can also be found in
engineered systems such as industrial piping and artificial implants.
Here, we utilize both molecular dynamics simulations and
experimental microfluidics to study the formation of highly-ordered
E. coli populations.  We investigate colony organization within
various constrained microenvironments, including within both open
and closed channels and in the presence of fluid flow.
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Introduction:
Nontrivial bacterial colony formation [Fig. 1] is guided by both biochemical
and physical responses to the local environment1,2.  Biochemical responses
dominate at low density and include chemotaxis, intercellular signaling,
and intracellular regulation.  At higher colony densities, physical repulsion
among cells primarily guides population growth.  There has been little
research activity directed towards understanding how physical
environmental conditions  such as a confined geometry or fluid flow
couple with cellular growth, division, and packing to affect bacterial colony
organization.

Conclusion:
We expect the ability to predict complex biofilm formation to provide novel
insights into the specific mechanisms of cell-cell interactions in large
bacterial populations.  Improvements in our ability to control biofilms will
have important applications in the treatment of infections, industrial
microbiology, bioremediation, and tissue engineering.

CLOSED CHAMBER MICROENVIRONMENT

THE ROLE OF FLUID FLOW

Experimental and Modeling Techniques:
We investigated bacterial patterning using a combination of experimental
analysis and molecular dynamics simulations3,4.  All experiments were
carried out utilizing microfluidic devices, which allow precise control of
the cellular microenvironment.  Single cell dynamics were extracted from
these images using custom segmentation and tracking software [Fig. 2].
For direct comparison, analogous simulations were carried out using
novel algorithms based upon molecular dynamics technique.

Expected Significance:

Microfluidic Design and Experiment:  
We have designed and manufactured a prototype microfluidic device used to study E. coli growth within an
open channel [Fig. 4].  The design is based upon the TµC device we developed for use with

Molecular Dynamics Simulation:  
In a closed chamber system, cells are physically trapped within a cavity with nutrients continuously supplied.

Microfluidic Design:
We have designed a closed chamber
microfluidic device where cells are
trapped in an array of rectangular
chambers connected to parallel nutrient
supply l ines by evenly-spaced
perfusion channels [Fig. 7].  Because
the perfusion channels are impassable
to the cells, growth of cells is confined
to within these chambers, while the
chemical contents of the chamber
media are consistently kept close to
that of the nutrient supply lines.

*These authors contributed equally to this work.
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Figure  1 :   P rev ious
experimental results (a, b)
and simulations (c, d) of E.
coli aggregation patterns on
semi-solid agar plates.
Panels c) and d) correspond
to hybrid and continuum
modeling, respectively.  Panel
e) examines the large-scale
structures in a system of
vibrated rods, where a single
vortex is formed by vibrated
6 mm metallic rods on a plate
with frequency 50 Hz and
acceleration 3 g.

Figure 2:  Image processing steps:  The original 100x fluorescent E. coli image to be segmented is
displayed in panel a).   Panel b) shows the construction of a binary segmentation mask from this
image including watershed lines.  Panel c) illustrates cell recognition from this mask, where the lengths
of red intervals are proportional to the sizes of cells.

Figure 3:  Simulated growth of a bacterial colony from an initial vertical strip with random orientations in an open channel running horizontally.  Panels
a) through d) show snapshots of the population taken at times 1 h, 2 h, 2.6 h, and 10 h, respectively.  The cells are colorized according to their orientations
with respect to the walls, from blue (perpendicular) to red (parallel).

Figure 4:  Schematic diagram of the microfluidic device used to study
E. coli ordering within open channels.  Cells are loaded in the “forward”
direction and media is supplied in the “reverse” direction.

Figure 5:  Experimental growth of a bacterial colony from an initial cell with random
orientation in an open channel running horizontally.  Panels a) through c) show
snapshots of the population taken at times 2.7 h, 3.3 h, and 4.7 h, respectively.

Figure 6:  Simulated growth of a bacterial colony within a closed chamber.  Expansion due to
growth is limited by four rigid walls bordering a square area with l=136.6d, where d is the cell
diameter.  Panels a) through c) show snapshots of the population taken at times 0.9 h, 2.6 h, and
5.3 h, respectively.  The cells are colorized according to the value of the contact stress.

Figure 7:  Schematic diagram of the microfluidic
device used to study E. coli ordering within
closed chambers.

Figure 8:  Simulated growth of a bacterial colony in an open channel with fluid flow.  Cells are able
to attach to the surface with some probability; otherwise they are flushed from the field by flow.  Panels
a) through c) show snapshots of the population in time, where the cells are color-coded according
to their velocity normalized by the magnitude of the fluid flow.  Therefore, cells attached to the bottom
appear blue, and cells passively advected by the fluid flow appear red.

Figure 9:  Simulated growth of a bacterial colony within a
3-D open rectangular channel.  Panels a) and b) show
snapshots taken at times 2.0 h and 3.0 h, respectively.

Molecular Dynamics Simulation:
Since cells in nature are often transported via fluid flow within confined
geometries, we additionally explored how flow affects the interaction of
individual growing cells and alters the dynamics of colony organization.
Thus, molecular dynamics simulations were generalized to include cell
motion due to viscous drag forces and torques provided by the flow.
Also, we incorporated probabilities for cells attaching to the substrate
[Fig. 8].

Although all experiments
herein were carried out in
quasi-2-D, the molecular
dynamics algorithm is easily
generalized to 3-D [Fig. 9].
This allows for the accurate
simulation of complicated
naturally-occurring biofilms.
 Additionally, we are working
on the development of a
continuum description of
pattern formation in biofilms.

Molecular Dynamics Simulation:
In an open channel environment, colony growth leads to cellular transport that forms a feedback on the local
colony organization.  In dense solutions, bacteria align themselves in a way similar to rod-like polymeric
molecules in nematic liquid crystals.  However, growth and division lead to interesting features of this living
system.  Our simulations show that the cell growth and ensuing flow lead to a fast ordering of cells [Fig. 3],
with the horizontal component of cell velocity increasing linearly with distance from the center.

Saccharomyces cerevisiae5 but has been adapted
for studying E. coli.  Most importantly, the height of
the cell-trapping region was reduced to 1µm, the
approximate diameter of a cylindrical E. coli cell.
This resulted in directed monolayer growth of the
colony, which permits the extraction of single-cell
dynamics from brightfield time-lapse images [Fig. 5].

Our numerical simulations show a
significant difference between the
dynamics in open and closed
systems.  In a closed system, the
pressure increases drastically as cells
continue to grow and divide after filling
the container.  This dense packing
quickly suppresses the force network
developed during “free” expansion.
Simultaneously, the order parameter
quickly decays to zero, indicating the
loss of spatial long-range order in the
system [Fig. 6].


