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Introduction

In the past decades, research efforts in microfluidics — an enabling
technology to perform automated operations on fluid using sub-
microliter volumes — have rapidly expanded in terms of both theoretical
studies and applications [1]. Microfluidic devices can handle small
volume of fluids, extending down to attoliter-scale volumes in forms
of droplets or liquid sections in confined micro-channels, which can
be applied a large variety of biological solutions (e.g. enzymes, nucleic
acids, antibodies or cells). Such devices offer excellent portability, in
form of bench-top devices, and controllability, with manipulations of
molecules or cells in micro-channels/chambers with dimensions in
the order of ~10 - 100 pm. Microfluidic devices have also been used
to precisely control the in vitro biofilm environment. Development
of microfluidic devices has become a cross-disciplinary effort, often
involving different aspects of science and engineering, including optics,
biology, chemistry, mechanics and material science [2]. Some of the
major advantages of the device miniaturization are the reduction in
biological and chemical wastes production, precise fluid handling,
faster analysis and molecular-based detection, and the capability to
carry out parallel or high-throughput operations [3]. In particular, the
length scale of microfluidic systems increases the speed of common
experimental techniques, such as protein and DNA electrophoresis, by
orders of magnitude. As a tool for cellular culture, microfluidics is a tool
that enables researchers to spatiotemporally regulate the environment
around cell populations at different scales, ranging from single cells to
thousands/millions of cells.

The implementation of traditional laboratory work with
microfluidic chips is often called “micro total analysis systems (LWTAS)”
or “lab-on-a-chip (LOC)”, and the biocompatibility and biological/
chemical stability of the device material is a serious issue. While
silicon-based micro devices manufactured with methods developed
in the semiconductor industry were some of the earliest examples
of microfluidics-based research, there has been a shift over the last
decade towards polymer-based devices, using materials such as Teflon,
thermoset polyesters, silicon elastomer photoresist, SU-8 photoresist,
poly-dimethylsiloxane (PDMS) and poly-methyl methacrylate [4-7].
Silicone rubber-based chemostats [8], bioreactors [9-12], and other
microfluidic platforms [13,14] containing multiple cell chambers have
been successfully applied in the cell culture applications in recent
years. These microfluidic devices, consisting of optically-transparent
PDMS, were fabricated using a casting process from silicon wafer
molds containing photoresists with positive-relief channel patterns.
The fabrication is based on both standard lithographic techniques [15]
for a single layer of channel networks, and multilayer soft lithography
[16], which uses stacked two-dimensional networks of microchannels
to add functional valves and pumps on chip, for example.

On the other hand, examples of applied microfluidic research in
microbiology include the quantification of bacteria in environmental
samples [17], toxin detection in food samples [18], saliva-based
detection of infectious diseases [19], and characterization of bacterial
transport parameters [20]. A device was developed to study the biofilm
morphology forming under shear by imposing different flow velocities
[21]. An integrated microfluidic chip has also been used for monitoring

cell culture, including the monitoring of culture density over time and
the probing cellular functions at a single-cell level [22]. While there
have been many good examples of microfluidic tools introduced for cell
typing, primarily using modified immunoassay protocols, organism
identification using nucleic-acid based probes, while potentially
faster and easier to develop for a specific strain, is still challenging
[23]. Nucleic-acid based assays, using techniques such as fluorescence
in situ hybridization (FISH), have broad applications that extend
beyond typing, including gene expression monitoring in individual
cells [24], and the chromosomal analysis for mammalian cells [25].
The optimization of FISH assays for biofilm analysis is particularly
interesting, as probes targeting the highly-conserved 16S ribosomal
ribonucleic acid (rRNA), for example, can be used to identify species
variants within a multiple-species co-culture.

While microfluidics has enabled tremendous possible of
detailed biological and biochemical analyses, setting up a matrix
of experimental conditions to mimic the microenvironments for
formations of multiple-species biofilms and even complex tissues
present in human body remains a laborious process. Together, we look
forward to the development of a highly integrated microfluidic device
which can support the spatiotemporal control of multiple parameters,
such as nutrients concentration, oxygen level and microorganism
composition. The corresponding throughput should obtain a significant
improvement in the chamber density versus existing state-of-the-art
microfluidic systems, such that the time for characterization of biofilm
can be greatly shortened. With the further advancements of control
and automation of integrated microfluidics, our understanding of cell,
biochemical and molecular sciences can then be greatly deepened.
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