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Preface

The application of immobilized cells as well as enzymes is a common technique in
contemporary biotechnological production processes. Usually, the biocatalysts are
encapsulated in an artificial matrix and/or bound to a (particle) surface. A reduction
of the catalyst’s activity is widely accepted considering the higher lifetime and a
simplified recirculation of the immobilized catalyst. One of the broad varieties of
parameters affecting the activity is the utilization of chemical agents that modify the
chemical surrounding as well as the physiological state in comparison to the native
suspended cell. However, biofilms representing encapsulated cells in a matrix
produced by their own combine the mentioned beneficial attributes and can be
considered as a natural way of immobilized (whole cell) biocatalysts. Even though
biofilms are predominantly associated in terms of process engineering with fouling
processes resulting in a reduced process as well as product quality, their application
for the production of valuables might be an interesting option which is up to now
markedly underestimated. From an ecological point of view the biofilm state of a
microorganism commonly represents the native growth state rather than the
planktonic mode which is preferred for most bioprocesses, in particular with respect
to mixing and supply of nutrients, respectively. But one has to consider that some
characteristic traits of a microbial cell or a consortium of microorganisms appear
solely if the organism grows attached to a surface, i.e., many prospective strains
found in nature and featuring interesting product spectra often do not show this
profile after transfer of the strain and its (suspended) handling in a lab. Besides a
cell’s expression pattern the robustness of a biofilm toward non-physiological
conditions and its long-term stability is emphasized if biofilms are discussed as
tools for the production of biotechnological valuable compounds. However, such
utilization requires a sophisticated knowledge of several realms of basic sciences as
well as engineering aspects. Some of them which are considered of tremendous
importance to fulfill the broader application of biofilms within biotechnology are
addressed within this issue of the “Advances in Biochemical Engineering/Bio-
technology” series.

Elucidation of biofilm structure is a prerequisite to understand and to model the
mass transfer and growth of cells within the extracellular matrix sheltering the cells.



vi Preface

Since biofilms are used for a long time in bioremediation and sewage treatment,
mathematical models were developed to characterize the processes of such applica-
tions; however, state-of-the-art techniques for structure elucidation and models are
presented, which might be useful to describe the corresponding processes occurring
in “Productive Biofilms”. A transfer of the biofilm concept for production of valu-
ables requires so-called synthetic biofilms, whereas the composition and architecture
of the biofilm is controlled by the experimenter. How biofilm function and archi-
tecture could be controlled by artificial and/or natural means is another topic of this
issue as well as the engineering of cell-to-cell communication. Communication
circuits such as quorum sensing can be modified to equip the cells with specific traits
or to tune the sensitivity of the communication system. Since the technical application
of biofilms require a different cultivation strategy in comparison to suspended cells,
an overview of biofilm reactors and materials that are currently in use or are devel-
oped is given. The selected processes can be considered as prime examples, whereby
the production of a broad range of bulk and fine chemicals is presented. Moreover, the
ecological role of marine and intertidal biofilms of microorganisms is addressed,
including the application of such kind of biofilms and analytical techniques are
presented enabling the investigation of physicochemical processes in biofilms.

This special issue bringing together the work of basic scientists and engineers
which we consider as a prerequisite to facilitate the application of biofilms as
biological tools for the production of valuables. We are very thankful to the authors
for their valuable contributions.

Bingen Kai Muffler
Kaiserslautern Roland Ulber
September 2014



Contents

Investigation of Microbial Biofilm Structure by Laser Scanning
MICIOSCOPY . -« o v e e e e 1
Thomas R. Neu and John R. Lawrence

Modeling of Biofilm Systems: A Review . . ..................... 53
Harald Horn and Susanne Lackner

Biofilm Architecture . ... ... ..... ... . . ... ... 77
Jochen J. Schuster and Gerard H. Markx

Engineered Cell-Cell Communication and Its Applications . . . . ... .. 97
Stephen Payne and Lingchong You

Application of Biofilm Bioreactors in White Biotechnology . ........ 123
K. Muffler, M. Lakatos, C. Schlegel, D. Strieth, S. Kuhne and R. Ulber

Ecological Roles and Biotechnological Applications of Marine
and Intertidal Microbial Biofilms . . . ... ... ... ... ... ... ... ... 163
Sayani Mitra, Barindra Sana and Joydeep Mukherjee

Novel Materials for Biofilm Reactors and their Characterization . . . . . 207
C. Miiller-Renno, S. Buhl, N. Davoudi, J. C. Aurich, S. Ripperger,
R. Ulber, K. Muffler and Ch. Ziegler

Microsensors and Microscale Gradients in Biofilms. . . .. ... .. ... .. 235
Haluk Beyenal and Jerome Babauta

vii


http://dx.doi.org/10.1007/10_2014_272
http://dx.doi.org/10.1007/10_2014_272
http://dx.doi.org/10.1007/10_2014_275
http://dx.doi.org/10.1007/10_2013_248
http://dx.doi.org/10.1007/10_2013_249
http://dx.doi.org/10.1007/10_2013_267
http://dx.doi.org/10.1007/10_2014_271
http://dx.doi.org/10.1007/10_2014_271
http://dx.doi.org/10.1007/10_2013_264
http://dx.doi.org/10.1007/10_2013_247

Adv Biochem Eng Biotechnol (2014) 146: 1-51
DOI: 10.1007/10_2014_272

© Springer-Verlag Berlin Heidelberg 2014
Published Online: 20 May 2014

Investigation of Microbial Biofilm
Structure by Laser Scanning Microscopy

Thomas R. Neu and John R. Lawrence

Abstract Microbial bioaggregates and biofilms are hydrated three-dimensional
structures of cells and extracellular polymeric substances (EPS). Microbial com-
munities associated with interfaces and the samples thereof may come from natural,
technical, and medical habitats. For imaging such complex microbial communities
confocal laser scanning microscopy (CLSM) is the method of choice. CLSM allows
flexible mounting and noninvasive three-dimensional sectioning of hydrated, liv-
ing, as well as fixed samples. For this purpose a broad range of objective lenses is
available having different working distance and resolution. By means of CLSM
the signals detected may originate from reflection, autofluorescence, reporter
genes/fluorescence proteins, fluorochromes binding to specific targets, or other
probes conjugated with fluorochromes. Recorded datasets can be used not only for
visualization but also for semiquantitative analysis. As a result CLSM represents a
very useful tool for imaging of microbiological samples in combination with other
analytical techniques.

Keywords 1-photon excitation - 2-photon excitation - Bioaggregates - Biofilms -
Confocal laser scanning microscopy - Fluorescence

Abbreviations

CARD-FISH CAtalyzed Reported Deposition—Fluorescence In Situ Hybridization
CLSM Confocal Laser Scanning Microscopy
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FISH-MAR  Fluorescence In Situ Hybridisation—Micro Auto Radiography
FLBA Fluorescence Lectin-Binding Analysis
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GSD Ground State Depletion microscopy with individual molecule
return (GSDIM)

LSM Laser Scanning Microscopy

MIP Maximum Intensity Projection

MRI Magnetic Resonance Imaging

nanoSIMS Nano Secondary Ion Mass Spectrometry

OCT Optical Coherence Tomography

PALM PhotoActivated Localization Microscopy

SIM Structured Illumination Microscopy

SPIM Selected Plane Illumination Microscopy

STED Stimulated Emission Depletion microscopy

STXM Scanning Transmission X-ray Microscopy

TRITC Tetramethyl Rhodamine IsoThioCyanate
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1 Introduction

In microbiology the light microscope has been a basic instrument from the very
beginning. Initially the application was for suspended bacterial cells usually
mounted in between the slide and cover slip. Subsequent examination by different
light microscopy techniques provided acceptable results as long as the sample was
thin enough, meaning a few micrometers. However, a change in paradigms
revealed that natural microbial communities are complex mixed cultures found in
the form of three-dimensional structures such as bioaggregates or biofilms [215].
In parallel the invention of confocal laser scanning microscopy (CLSM) opened
the way for three-dimensional optical sectioning of biological samples. As is often
the case, this technique was first applied in medical and cell biology research. A
key publication by Lawrence and coworkers was the beginning of CLSM as a
standard technique in different fields of microbiology [166]. Throughout the 1990s
CLSM was available in only a few microbiological laboratories. Currently, CLSM
is present in most laboratories, although not always used in a highly sophisticated
way. This comprises a number of issues: (1) the general approach of how to take
advantage of CLSM, for example, just for a taking a “photo” or recording sci-
entific images; (2) the actual fluorescence techniques used, for example, showing
just some green or red-green points on a black background as compared to
structured image data with a specific meaning allowing interpretation of effects
and processes; (3) the way of doing digital image analysis, for example, just by
using a quick 3D tool not showing anything convincing or by applying a specific
projection showing data with respect to the actual image/object content and the
method of recording it; (4) the question of CLSM performance, for example, just
using the instrument without questioning the result as compared to using a number
of tests allowing assessment of the CLSM performance.

In this review we focus on laser scanning microscopy (LSM) and its variations
as a tool for structure elucidation of microbial bioaggregates and biofilms. Com-
paring the various hardware options and fluorescence techniques, traditional
CLSM is still the workhorse in microbiological imaging. For this purpose the key
publications are discussed. After explaining the basic principles, the main part of
the review comprises the many options available for staining and imaging of
structural features in microbial communities. The various approaches are compiled
in extended tables in order to provide as much information as possible. We then
show the many diverse applications of LSM in the wide area of microbiology.
Nevertheless we cannot cover the entire field of laser microscopy and its use in
biofilm research. A quick Internet search for only two keywords, “biofilm” and
“confocal,” revealed about 15,000 references in a general search and more than
90,000 references in a popular microbiological journal search. As a consequence
we have to focus on selected references we think are relevant for studying
microorganisms associated with interfaces.
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Table 1 Reviews on laser scanning microscopy with applications in microbiology and biofilm
research

Focus of article Reference

First overview on CLSM applications Caldwell et al. [37]
Medical biofilms Gorman et al. [99]
Medical biofilms Manning [210]
Environmental applications Lawrence et al. [167]
Comprehensive review of CLSM Lawrence et al. [180]
CLSM methodology Lawrence and Neu [170]
Short CLSM overview Palmer and Sternberg [282]
Medical biofilms Adair et al. [1]
Structured CLSM approach Neu and Lawrence [250]
Environmental applications Lawrence et al. [168]
CLSM in soil microbiology Li et al. [190]
Spatiotemporal approaches Palmer et al. [281]
Environmental applications Lawrence et al. [165]
CLSM techniques and protocols Lawrence and Neu [172]
CLSM of aggregates Lawrence and Neu [173]
CLSM—MRI—STXM Neu et al. [253]

2 Laser Scanning Microscopy
2.1 Confocal Laser Scanning Microscopy

In CLSM an object is sectioned optically resulting in crisp images without a
blurred signal from other optical planes. Single sections, or in most cases series of
sections, are recorded as two-dimensional images that finally will allow three-
dimensional reconstruction. For this purpose the sample has to be stained with
fluorochromes that are specific for certain compounds. In addition, the autofluo-
rescence and the reflection signals may be recorded. Modern multichannel
instruments have several photomultipliers that allow separation of up to five dif-
ferent emission signals. Recently, improved detectors with increased sensitivity
have been offered. The instrument is available in different configurations, as a
point scanner (for high resolution) or as a disk scanner (for motile objects). In
addition, hybrid systems are offered with a compromise of both features. A major
characteristic of a CLSM set-up is the laser lines available for excitation of flu-
orochromes. The laser options include traditional gas lasers (e.g. Ar, He/Ne), laser
diodes, two-photon lasers, and more recently white lasers. The possible wave-
lengths range from UV (ultraviolet) to IR (infrared), although most instruments are
equipped with visible lasers only. Usually three laser lines are available, for
example, at 488, 561, and 633 nm. These three lines are sufficient for most
samples and cover many of the popular fluorochromes. For more information a list
of reviews on the topic of CLSM and its application in microbiology is supplied
(see Table 1). This will allow further reading in terms of CLSM technique, sample
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preparation, data recording, and digital image analysis. The flexibility of CLSM
for examination of multiple parameters in microbiological samples established this
particular microscopy technique as a routine tool in many laboratories.

2.2 Two-Photon Laser Scanning Microscopy

In two-photon LSM a fluorochrome is excited by two photons of the double
wavelength as compared to one-photon (confocal) excitation. The laser source
necessary to achieve two-photon excitation is a pulsed infrared laser. The two-
photon effect occurs in the focal plane only and as a result no pinhole is needed. In
general most of the fluorochromes used for confocal imaging can be applied on a
two-photon instrument. In addition, UV fluorochromes such as 4,6-diamidino-2-
phenylindole (DAPI) can be excited. A further advantage is the higher penetration
of IR light into the sample resulting in a better resolution in deep locations. Two-
photon LSM was first proven to be useful in biology in 1990 [67]. So far only few
reports in microbiology have been published. The first application was on oral
biofilms [92, 357]. Later two-photon LSM was suggested as a tool in biofilm
research in a methodological report [34]. The suitability of common fluorochromes
was tested on different types of biofilms [247]. Later the usefulness of the tech-
nique for examination of phototrophic biofilms was reported [256]. A general
overview of two-photon LSM as a technique for biofilm studies was published by
the same group [251]. The advantage of two-photon excitation as a replacement
for UV was employed in a study on Zn distribution in microbial biofilms [130].
However, it seems that the two-photon technique is available in only a few
microbiology research groups. Although two-photon LSM overcomes some
drawbacks of conventional CLSM two reasons may hinder a wider application.
These include the additional costs for investment and on the other hand two-
photon effects that are sometimes not readily explainable. Furthermore, axial
elongation of signals remains an issue for both systems. Overall conventional
confocal LSM remains the method of choice in most biofilm applications.

2.3 Sample Preparation

Sample mounting will be determined by the type of microscope attached to the
CLSM. In many clinical and cell biological laboratories the inverted microscope is
preferred. Usually the samples are in sterile dishes or plates with a bottom window
suitable for microscopic observation. However, the experience with many different
types of samples from various habitats has shown that the upright microscope may
be more suitable for environmental samples, especially with water-immersible
(dipping) lenses that allow imaging of any specimen mounted in a Petri dish [252].
Most critical is the issue of high resolution versus working distance. In samples
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that are spatially structured often the high numerical aperture (NA) lenses, having
a short working distance, cannot be used. Consequently water-immersible lenses
with a free working distance in the mm range perfectly match the needs for
imaging deep areas of the sample. Smaller specimens can be mounted in coverwell
chambers (e.g., from Grace Biolabs) having spacers of various heights
(0.5-2 mm). If the specimen matches the chamber perfectly and the free working
distance allows, high NA (high-resolution) objective lenses can be used.

2.4 Digital Image Analysis

Analysis of datasets recorded by CLSM can be done in two ways, by visualization
and by quantification. First of all the image series can be visualized using com-
mercial software or freeware. Therefore a wide choice of tools is available to
project the raw data, which are a series of two-dimensional images recorded at a
certain stepsize (XZ direction), in a meaningful way. Visualization may comprise
maximum intensity-, transparent-, isosurface-, shadow-, XYZ-, and ortho slice-
projections. Second, the image series can be quantified by counting pixels (2D) or
voxels (3D) after thresholding the raw dataset. In fact thresholding is the most
critical step in quantification. As a consequence several publications exist in which
different approaches for thresholding were tested [333, 412, 415, 416]. In certain
applications deconvolution may be used to achieve a higher resolution [332]. This
might be necessary for three reasons: if the dataset contains noise, in order to
improve resolution, and due to the unequal XY (superior) to XZ resolution in light/
laser microscopy. However deconvolution may also lead to artifacts if it is not done
properly. This may comprise the need to record the point spread function of fluo-
rescent beads within the sample which is rarely done or the actual algorithm used
for deconvolution. Although it might be easy to assess deconvolution of a bead with
known geometry, this is not the case for unknown objects. In addition, the need to
record the data at high resolution in the XY as well as in the Z direction leads to
dramatic bleaching of the fluorochromes. So far there are very few publications
in microbiology taking advantage of deconvolution for image improvement in
microbiological datasets [182, 211, 231, 292, 302].

3 Probes and Approaches for Analyzing Biofilms
and Bioaggregates

3.1 Fluorochromes

The fluorochromes available at the beginning of LSM were the traditional ones
already used for epifluorescence microscopy. Well-known examples are acridine
orange and DAPI for nucleic acid staining or FITC, TRITC, CY3, and CY5 as a
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Table 2 Application of new nucleic acid specific fluorochromes for examination of microbio-

logical samples

Fluorochrome Sample Reference
TOTO-1, TO-PRO-1 Planktonic bacteria Li et al. [189]
Syto-13 Marine plankton del Giorgio et al. [64]

YOYO-1, YO-PRO-1, PicoGreen
Syto-13, TOTO-1, YOYO-1

Syto-16

PicoGreen

SybrGreen-1

Syto-9, Syto-11, Syto-13, Syto-16,
SybrGreen-1, SybrGreen-2

SybrGreen-1

Suspended bacteria from
pure cultures

Pure cultures, marine
plankton

Mycobacterium cells

Plankton

Picoplankton

Freshwater, saline water

Marine viruses, bacteria

Marie et al. [214]
Guindulain et al. [108]
Ibrahim et al. [133]
Tranvik [368]

Marie et al. [213]
Lebaron et al. [184]

Noble and Fuhrman

[267]
Soil and sediment bacteria Weinbauer et al. [392]
Plankton

SybrGreen-2

Syto-13 Troussellier et al.
[369]

Tobin et al. [365]

Chen et al. [41]

Propidium iodide, POPO-3
SybrGold

Geological samples
Marine viruses

Coriphosphine O, YOYO-1, YOPRO-1 Groundwater bacteria Stopa and
Mastromanolis
[350]

PicoGreen Plankton Cotner et al. [50]

SybrGreen-2 Sediment bacteria Sunamura et al. [355]

Syto-60 Pure culture biofilm Nancharaiah et al.

[241]
Lunau et al. [201]
Martens-Habbena and
Sass [216]

SybrGreen-1
PicoGreen, SybrGreen-1, SybrGreen-2

Sediment bacteria
Laboratory cultures

label conjugated to other probes, for example, antibodies. However, with the wider
availability of multichannel CLSM instruments new fluorochromes were devel-
oped and became commercially available (e.g., from Molecular Probes). The
possibility of using the CLSM in multichannel mode allowed the combination of
two, three, or even four markers that could be recorded in separate channels. A list
of publications testing new nucleic acid specific fluorochromes for their suitability
in CLSM and flow cytometry is given in Table 2. In the meantime a whole range
of fluorochromes specific for nucleic acids can be selected for matching possible
autofluorescence and combinations of fluorescent stains. Apart from cell biomass
and distribution other features can be measured (Table 3). These fluorochromes
are specific for certain cell structures and properties. These stains may target
external protein structures, cell surface properties, bacterial cell wall types,
membranes, vesicles, and cell internal storage compounds.
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Table 3 Evaluation of other fluorochromes suitable for microbiological samples

Fluorochrome Application Reference

Hexidium iodide, Syto-13 Gram-stain Mason et al. [220]

SYPRO Total protein, bacteria Zubkov et al. [425]

NanoOrange Bacterial fine structures Grossart et al. [103]

Hexidium iodide, CFDA Gram-stain, activity Forster et al. [84]

BCECF/AM Oral bacteria Gaines et al. [89]

Alexa-594, Dil C;g (5) Cell surface properties Stoderegger and Herndl [349]

DAPI Polyphosphate Diaz and Ingall [68],
Kulakova et al. [155]

Nile red Neutral lipids Bertozzini et al. [22], Pick and

Rachutin-Zalogin [294],
Sitepu et al. [337]
FM4-64 Bacterial membrane Sharp and Pogliano [330]

3.2 Fluorescence In Situ Hybridization

In addition to general nucleic-acid—specific fluorochromes staining all bacteria,
more specific probes were needed in order to identify groups of bacteria and
individual bacterial species. In early reviews the potential of these molecular
probes was discussed and different approaches were suggested [66, 117, 319, 391].
After several years of methodological development the technique of fluorescence
in situ hybridization (FISH) became established [4, 132]. To date numerous
applications of FISH in various environmental habitats have been reported
(Table 4). The suitability of FISH in wastewater treatment was published recently
in a handbook describing the major probes useful for detection of common
microbial groups found in activated sludge samples [264]. In the meantime there
are several variations of the original FISH technique. Very recently the principles
of these variations were summarized in a special issue of Systematic and Applied
Microbiology (2012, Volume 35, Issue 8). The most popular technique, CARD-
FISH, dramatically improves the sensitivity due to signal amplification [324, 327].
This technique was applied for identification of cyanobacteria [323], picoplankton
[271], marine bacteria [291], soil bacteria [80], epiphytic microorganisms [373],
and freshwater biofilms [202]. A general disadvantage of FISH is the need for
fixation and dehydration of the sample. Especially, dehydration using an ethanol
series will destroy the original structure of bioaggregates and biofilms. By using
ethanol, the polymer matrix of biofilm systems is essentially precipitated.

3.3 EPS Analysis

Due to the highly variable biochemical components of EPS, the analysis of EPS
remains a dilemma. Chemical approaches require extraction of EPS constituents
from the remains of the biofilm which is hampered by possible cell lyses. On top of
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Table 4 Fluorescence in situ hybridization in combination with confocal laser scanning
microscopy applied to different microbial samples

Focus of article

Reference

Microbial consortia, activated sludge
General methodology
Ammonia-oxidizing bacteria
Activated sludge

Toluene degrading Pseudomonas
Nitrifying biofilm

Methanol-fed biofilm

Bacteria associated with roots
Multispecies biofilms
Aureobasidium on leaf surfaces
River biofilms

Waste gas biofilms

Sulphate reducing bacteria, wastewater
Magnospira bakii

Cyanobacteria

Anoxic niches, activated sludge
Nitrifying reactor
Poly-P-accumulating bacteria

FISH methodology

Imaging methodology

Nitrifying bacteria

Anaerobic granules

Nitrifying biofilm

Sulphur-oxidizing bacteria, wastewater
FISH methodology

Oral bacterial biofilm
Sulphur-oxidizing bacteria

Low pH nitrifying biofilms
Nitrifying trickling filter
Ammonium-oxidizing bacteria, wastewater
CLASI FISH

See also

Wagner et al. [386]

Amann et al. [4]

Wagner et al. [388]

Amann et al. [5]

Moller et al. [235]

Schramm et al. [325]

Neef et al. [244]

Macnaughton et al. [206]

Moller et al. [235]

Li et al. [188]

Manz et al. [212]

Pedersen et al. [285]

Okabe et al. [274]

Snaidr et al. [339]

Schonhuber et al. [323]

Schramm et al. [326]

Bouchez et al. [29]

Crocetti et al. [55]

Moter and Go6bel [239]

Daims et al. [59]

Gieseke et al. [94]

Lanthier et al. [157]

Gieseke et al. [93]

Ito et al. [135]

Pernthaler and Amann [290]

Thurnheer et al. [363]

Okabe et al. [273]

Gieseke et al. [95]

Lydmark et al. [203]

Kindaichi et al. [148], Tsushima et al. [372]

Valm et al. [378]

Special issue Systematic and Applied
Microbiology 2012, 15 (8)

that, extraction might be straightforward in pure cultures, but in real-world biofilms
the complexity of EPS constituents makes it nearly impossible to analyze individual
polymer fractions. As a result lectins have been suggested as in situ probes for
glycoconjugates [228, 249, 255]. Lectins were initially used for cell surface char-
acterization in electron microscopy. Now fluorescently labeled lectins are employed
for glycoconjugate detection in biofilms and bioaggregates. The usefulness of lectins
is demonstrated by listing the major reports using the lectin approach in biofilms and
bioaggregates in combination with epifluorescence or laser microscopy (Table 5). In
many cases the procedure was employed with the standard lectin ConA, being one of
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Table 5 Application of lectins for in situ detection of glycoconjugates in biofilms and bioag-
gregates by means of light or laser microscopy

Lectin Application Reference

ConA, HPA, LPA Marine biofilms Michael and Smith [228]
WGA Staphylococcus biofilm  Sanford et al. [316]
ConA, ECA, PNA, UEA River biofilms Neu and Lawrence [248]
WGA River biofilms Lawrence et al. [174]

APA, ConA, GS-1, LcH, Lotus, LPA, River aggregates (snow) Neu [246]
PNA, RCA, UEA, WGA
ConA, PHA, PNA, UEA, WGA Sphingomonas biofilms  Johnsen et al. [140]
ConA Reactor biofilms Wijeyekoon et al. [404]
ConA, Lotus, LPA, PNA, UEA, WGA  Evaluation of method in Neu et al. [255]
river biofilms

ConA Sphingomonas biofilms  Kuehn et al. [154]
ConA, WGA Pseudomonas biofilms  Strathmann et al. [352]
Screening with all commercially Reactor biofilms Staudt et al. [343]
available lectins
ConA, UEA Marine aggregate Ciglenecki et al. [46]
AAL Reactor biofilms Staudt et al. [344]
WGA Streptococcus biofilm Donlan et al. [73]
ConA Sphingomonas biofilms ~ Venugopalan et al. [381]
ConA, GS-I, Lotus, PHA, PNA Marine biofilms Wigglesworth-Cooksey and
Cooksey [402]
ConA Wastewater sludge McSwain et al. [227]
Screening with all commercially Pseudomonas biofilms  Laue et al. [161]
available lectins
ACA, ECA, LBA, PNA Deinococcus biofilms Saarima et al. [313]
Con A Shewanella aggregation McLean et al. [226]
Screening with all commercially Deinococcus biofilms Peltola et al. [286]
available lectins
ConA Rhizobium biofilms Santaella et al. [317]
ConA Cold seep mats Wrede et al. [411]
AAL River aggregates Luef et al. [198, 199]
ConA Pure culture biofilms Truong et al. [370]
ConA Composting biofilms Yu et al. [419]
Screening with all commercially Tufa biofilms Zippel and Neu [422]

available lectins

the cheapest and having specificity for o D-glucose and « D-mannose. This technique
is now known as fluorescence lectin-binding analysis (FLBA; [422]. With new
sample types, the ideal first step involves a screening with all the commercially
available lectins (see Table 5 for several references). This usually allows one to
select lectins suitable for glycoconjugates present in a particular sample.

Proteins are present in the EPS in the form of enzymes that allow bacteria
degradation and access to polymeric substrates. For enzyme activity measurements
several fluorescent substrates are available. One of the compounds is particularly
suited for CLSM as the product of activity is precipitated and can be easily located
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Table 6 Studies showing eDNA imaging in microbial communities

Focus of article Reference

P. aeruginosa biofilms, mutants Allesen-Holm et al. [3]
H. influenzae biofilms, pili Jurcisek and Bakaletz [143]
P. aeruginosa biofilms, effect of iron Yang et al. [413]

P. aeruginosa biofilms, resistance Mulcahy et al. [240]

E. faecalis biofilms, autolysis Thomas et al. [362]

S. aureus biofilms, maturation Mann et al. [209]

B. cereus biofilms, adhesin Vilain et al. [383]

P. aeruginosa biofilms, EPS matrix Ma et al. [205]

E. faecalis biofilms, autolysis Guiton et al. [109]

N. meningitis biofilms, dual role Lappmann et al. [158]
Caulobacter biofilm, progeny Berne et al. [20]
Mixed biofilms Dominiak et al. [71]

V. cholerae biofilms, nucleases Seper et al. [328]

via its fluorescence [151]. Very recently amyloids have been identified as an
important EPS component in microbial biofilms [160]. Functional amyloids were
also found in Gram-positive bacteria and form part of the cell envelope [141]. Due
to their characteristic structure amyloids can be visualized using different fluo-
rescence techniques. In a detailed study with Bacillus subtilis, amyloids were
reported as responsible for binding cells together in biofilms [309].

Another EPS compound is extracellular DNA (eDNA) which was known for some
time to be present in microbial communities. However, only the publication by
Whitchurch and coworkers triggered a series of studies establishing eDNA as a very
common EPS compound involved in biofilm dynamics [398]. Several of the studies
on eDNA and the approaches applied for imaging eDNA are listed in Table 6.

3.4 Viability

Viability represents a characteristic of bacteria that is of great interest in various
habitats. As a consequence numerous combinations of fluorescent stains have been
suggested to assess viability. Life and death appear to be a critical issue in
microbiology and the many protocols reported may be found in several short
reviews [31, 61, 145, 193, 353]. Some of the titles used in these reviews question
the status of bacterial viability in between life and death. There are even confer-
ence titles such as “How dead is dead?” A compilation and comparison of pro-
tocols is given in Table 7. All of the fluorochromes tested are employed in order to
assess the permeability of the cell wall and cell membrane as a measure for
viability. The applications using a popular commercial kit are listed in Table 8.
Again this test is the subject of some controversy although some groups use it
without questioning. Other research groups seem to be more critical of the results
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Table 7 Fluorochromes and combinations suggested for assessment of viability in microbio-

logical samples

Fluorochromes

Application

Reference

Different membrane potential dyes
Rhodamine 123, propidium iodide, oxonol

Ethidium bromide, propidium iodide, CFA,
CCFAS, rhodamine 123, bis-oxonol

DiBAC, (3) in comparison to others
SytoxGreen

CFDA, Chemchrome B, BCECF-AM,
Rhodamine 123, BacLight

Ethidium bromide, bis-oxonol, propidium
iodide

DAPI, propidium iodide

CSE dye, ChemChrome V6
SybrGreen, propidium iodide

CFDA, CFDA/SE

ViaGram Red, FISH

Ethidium monoazide, PCR

Ethidium homodimer-2, SybrGreen-1

Carboxy-DFFDA SE, propidium iodide
Alexa fluor 633 hydrazide, DIOC, (3)
Propidium iodide, thiazole orange
TO-PRO-1 iodide,

5-CFDA-AM
TO-PRO-3 iodide

Pure cultures

Starvation survival of pure
cultures in seawater

Pure cultures

Gram-positive/negative

pure cultures
Pure cultures
Starved pure cultures
Listeria
Salmonella

Bacterioplankton

Freshwater bacteria

Freshwater/marine bacteria

Marine sediment
Pure cultures
Bacteroides

Pure cultures
Sediment bacteria

Comamonas
Escherichia

Lactobacillus
Planktonic algae

Candida

Mason et al. [219]

Vives-Rego et al.
[385]

Nebe-von Caron
and Badley
[242]

Jepras et al. [139]

Roth et al. [310]

Lebaron et al. [183]

Jacobsen et al.
[136]

Nebe-von Caron
et al. [243]

Williams et al.
[405]

Catala et al. [38]

Gregori et al. [102]

Luna et al. [200]

[125]

[318]

Rudi et al. [311]

Manini and
Danovaro [208]

Shimomura et al.
[331]

Saint-Ruf et al.
[315]

Doherty et al. [70]

Gorokhova et al.
[100]

Kerstens et al.
[146]

obtained [21, 60, 61, 208, 348]. In any case, the test may be used for pure culture
studies and has to be evaluated by using the appropriate positive and negative
controls. Nevertheless, the test should be used with caution if environmental
samples are examined. The many types of bacterial species having different cell
wall structures may respond differentially towards the staining procedure making it

difficult to discern live from dead.
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Table 8 Application of the BacLight—Ilive/dead kit to different microbiological samples

Sample type

Reference

Salmonella
Gram-positive/negative
Drinking water bacteria
Oral biofilms
Streptomyces

Oral biofilm
Pseudomonas

Heavy metal resistance
Extremophilic archaea
Evaluation

Shewanella

Evaluation

Dental biofilms

Soil bacteria

Korber et al. [153]
Virta et al. [384]
Boulos et al. [30]
Guggenheim et al. [107]
Fernandez and Sanchez [79]
Hope and Wilson [128]
Finelli et al. [82]
Teitzel and Parsek [360]
Leuko et al. [186]
Stocks [348]

Teal et al. [359]

Berney et al. [21]
Filoche et al. [81]
Pascaud et al. [284]

Saccharomyces Davey and Hexley [60]
Stressed bacteria Czechowska and van der Meer [56]

3.5 Activity Measurements

Bacterial activity is typically measured by using radioactive compounds such as
H-thymidine or *H-leucine [304, 342]. Another approach uses tetrazolium salts
that are reduced by active microorganisms resulting in the formation of insoluble
formazan crystals. This particular test again is controversial and there are several
publications indicating issues regarding the results [54, 260, 278, 329, 374].

The activity of bacteria may also be determined indirectly by using fluorescent
compounds. The technique uses bromodeoxyuridine (BrdU) as a thymidine ana-
logue for incorporation into DNA. BrdU is then detected by an immunoassay.
Initially the assay was used in cell biology, but in the meantime this test was
adapted and varied in microbiology. The BrdU labeled DNA can be analyzed by
antibodies either in situ or after extraction and may be combined with other
molecular techniques [9, 10, 112, 346, 358, 376, 390]. The BrdU technique can be
also coupled to a substrate utilization assay in order to study the bacterial response
to a specific amendment [417]. More recently new nontoxic thymidine analogues
were synthesized and tested as replacements for BrdU [245].

3.6 Antibodies

Labeled antibodies specific to cell surface features have been used in many studies.
Usually samples with suspended bacteria or aggregates were examined by electron
or epifluorescence microscopy. Only a few groups have intensively employed
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specific antibodies to investigate microbial biofilm samples. For example, the
bacteria of the oral cavity have been assessed by using antibodies in order to
follow their location in bioaggregates and biofilms [106]. In a methodological
study, antibodies labeled with quantum dots were tested to demonstrate single-cell
resolution of planktonic and biofilm bacteria of oral origin [40]. A similar
approach was used in order to follow individual species in mixed culture biofilms
of oral bacteria. However, in these cases the antibodies were labeled with organic
fluorochromes [287, 289]. Another group used immunofluorescence to analyze
bacteria associated with plant roots (see section below).

3.7 FISH-MAR

The combination of FISH and microautoradiography (MAR) allows simulta-
neously probing for identity and activity of bacteria [185, 259]. Basically the FISH
protocol was extended by feeding a radioactive substrate with subsequent exposure
to an autoradiographic gel. Signal detection of FISH fluorescence (fluorescent
label of probe) and MAR reflection (silver grains) is done by using CLSM. The
advantages of this combined approach were applied in Achromatium communities
[101], Thiotrix [265], Nitrospira [58], iron reducers [261], sulphate-reducing
bacteria [134], microbial bioflms [263], nitrifying bacteria [276], bacterioplankton
[336], and Chloroflexi [232]. Although the technique has been applied in different
habitats and appears to be a standard approach [262, 275], FISH-MAR is
employed by only a few research groups.

3.8 GFP

Fluorescence signals recorded by CLSM are usually based on autofluorescence or
staining with specific fluorochromes. In many cases fluorochromes are regarded as
toxic for microorganisms. This represents an issue if the same sample has to be
examined frequently over time. The discovery and incorporation of GFP and its
variants into the genome of bacteria opened a whole new range of options for
imaging. Thereby staining with potentially toxic fluorochromes became obsolete at
least for many pure culture studies that can be genetically manipulated and express
GFP. The publications taking advantage of fluorescent proteins for studying bio-
films are compiled in Table 9. In the meantime, two spectrally different fluorescent
proteins are often employed, one which is permanently expressed to localize the
bacteria and one to “see,” for example, a specific gene activity such as in Klausen
et al. [150] and Haagensen et al. [111].
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Table 9 Studies with fluorescent proteins as marker for microbial biofilms with subsequent

analysis by confocal laser scanning microscopy

Focus of article

Reference

Activated sludge

Pseudomonas biofilm

Mixed culture biofilm

Marine microcolonies

Activated sludge

Pure culture biofilms

Bacteria on leaves
Flow-chamber biofilms
Pseudomonas biofilms GFP/RFP
Dual species biofilms
Rhizosphere biofilms

Dual species biofilms
Methodology

Quorum sensing in flow chambers
Wheat colonization

Gene transfer in flow chambers
Pseudomonas biofilms

Dual species biofilms
Streptococcus biofilms
Pseudomonas CFP/YFP mutants
Drinking water model biofilms
Pseudomonas biofilms
Methodology

Starved biofilms

Review

Evolution and species interactions in biofilms
Pseudomonas biofilms

Mixed species biofilm
Staphylococcus eDNA in biofilms
Shewanella CFP/YFP biofilms
EPS in Pseudomonas biofilms
Sulfolobus biofilms

Eberl et al. [77]
Christensen et al. [45]
Moller et al. [236]
Stretton et al. [354]
Olofsson et al. [277]
Sternberg et al. [345]

Li et al. [187]

Heydorn et al. [123]
Tolker-Nielsen et al. [366]
Tolker-Nielsen and Molin [367]
Ramos et al. [301]
Nielsen et al. [258]
Cowan et al. [51]
Andersen et al. [6]

Unge and Jansson [375]
Haagensen et al. [110]
Heydorn et al. [122]
Christensen et al. [44]
Yoshida and Kuramitsu [418]
Klausen et al. [150]
Martiny et al. [218]
Werner et al. [395]
Jansson [137]

Gjermansen et al. [97]
Larrainzar et al. [159]
Kirkelund Hansen et al. [149]
Haagensen et al. [111]
Hansen et al. [114]

Qin et al. [299]

McLean et al. [225]

Yang et al. [414]

Henche et al. [118]

4 Applications of CLSM and Fluorescence Techniques

4.1 Biofilms

Due to the three-dimensional features and immobilization of cells within microbial
biofilms CLSM is ideally suited for examination of a broad range of very different
biofilm samples. Some of the many applications are compiled in Table 10 and
sorted according to different habitats and topics such as biofilms, river biofilms,
mats, sediments/soil, rocks, oil/hydrocarbon, medical/oral, and so on. Samples for
CLSM may come directly from the environment, for example, in the form of river
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Table 10 Applications of confocal laser scanning microscopy in various fields of microbiology

Focus of article

Reference

Biofilms

Channel structure
Microbial-influenced corrosion
Escherichia coli biofilm

Dual culture biofilm
Corrosion inhibition by biofilms
Marine biofilms on steel
Marine biofilms

Alginate in Pseudomonas biofilms
Roseobacter biofilms

Calgary biofilm device
Legionella biofilm
Mycoplasma biofilms

Gravity effect on biofilms
Salmonella biofilms
Coaggregation biofilms

Cold saline spring streamers
Agarose stabilization

Proteus biofilms

River biofilms

Three-channel imaging
Phosphorous limitation

Effect of nickel

Effect of CNP
Biophysical control
Microbial mats
Algal mat
Alpine mats
Hot spring mats
Stromatolites
Cyanobacterial mats
Cyanobacterial mats
Sediment/soil
Bacteria in geological media,
sand, minerals

Cryptosporidium oocysts
Aquifer microcosm

Peat microbial ecology
Contaminated soil

Fresh marine sediments
Porous media clogging
Rocks

Antarctic lithobionts
Antarctic lithobionts

Massol-Deya et al. [221]
White et al. [399]

Swope and Flickinger [356]
Stewart et al. [347]
Jayaraman et al. [138]
Kolari et al. [152]

Norton et al. [270]

Nivens et al. [266]

Bruhn et al. [32]

Harrison et al. [115]

Piao et al. [293]

McAuliffe et al. [224]
Lynch et al. [204]
Mangalappalli-Illathu et al. [207]
Min and Rickard [230]
Niederberger et al. [257]
Pittman et al. [297]
Schlapp et al. [320]

Lawrence et al. [174]

Mohamed et al. [233]

Lawrence and Neu [171],
Lawrence et al. [162]

Neu et al. [254]

Besemer et al. [24]

Lawrence et al. [176]
Wiggli et al. [149]

Pierson and Parenteau [295]
Sabater [314]

de los Rios et al. [62]

Sole et al. [340]

Lawrence and Hendry [163],
Hendry et al. [119],
Lawrence et al. [169]

Anguish and Ghiorse [7]

DeLeo et al. [65]

Lloyd et al. [194]

Karimi-Lotfabad and Gray [144]

Waite et al. [389]

Kim et al. [147]

Ascaso and Wierzchos [11]
de los Rios et al. [63]

(continued)
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Table 10 (continued)

Focus of article

Reference

Hypogean biofilms
Hypogean biofilms
Antarctic lithobionts
Degradation

Diclofop

Effect of herbicides
Effect of pharmaceuticals

Effect of chlorhexidine

Oil /hydrocarbons

Acinetobacter on diesel droplets
Alkane assimilation at low temperature
Organic compound degradation
Hexadecane degradation
Hydrocarbon degradation

Growth on crystals and emulsions
Stabilization of oil-water emulsions
Mycobacterium biofilms
Medical/oral

Mass transport in plaque
Coaggregation, oral bacteria
Coaggregation, oral bacteria
Coaggregation, oral bacteria
Actinomyces biofilm

Reactors

Glycoconjugate distribution
Fluidized bed reactor

Bacterial and EPS biomass
Biofilm strength

Development and detachment
Sloughing and detachment

Online monitoring

Miscellaneous

Spore germination

Conjugation in biofilms

Mine tailings

Adhesion to apples

Bacteria attached to nematode cyst
Phototrophic pigments

Bacterial single-cell adhesion
Phototrophic biofilms

Assessment of carrier material
Yeast colony shape

Pseudomonas swarming
Synechococcus single-cell study

Hernandez-Marine et al. [121]
Roldan et al. [306]
Wierzchos et al. [401]

Wolfaardt et al. [407—409]
Lawrence et al. [164]
Winkler et al. [406],
Lawrence et al. [178, 179]
Lawrence et al. [181]

Baldi et al. [14]
Whyte et al. [400]
Cowan et al. [52]
Holden et al. [126]
Stach and Burns [341]
Baldi et al. [15]
Dorobantu et al. [76]
Wouters et al. [410]

Thurnheer et al. [364]
Palmer et al. [280]

Periasamy and Kolenbrander [288]
Periasamy and Kolenbrander [289]

Dige et al. [69]

Staudt et al. [343]
Boessmann et al. [27]
Staudt et al. [344]
Mohle et al. [234]
Garny et al. [90]
Garny et al. [91]
Wagner et al. [387]

Coote et al. [49]
Hausner and Wuertz [116]
Podda et al. [298]
Burnett et al. [36]

Nour et al. [272]
Roldan et al. [308]
Lower et al. [195]
Roldan et al. [307]
Biggerstaff et al. [25]
Vachova et al. [377]
Morris et al. [238]
Ruffing and Jones [312]
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Fig. 1 CLSM dataset shown as MIP maximum intensity projection showing rotating annular
reactor biofilms developing in flow direction (right). Samples were stained with SyproRed (a).
Acridine orange (b). DAPI (¢). WGA-FITC lectin (d)

pebbles, aquifer material, roots, leaf litter, and the like. They can be used pref-
erably by putting samples into small Petri dishes and imaged by water-immersible
lenses. In addition, laboratory microcosms were developed for growing biofilms
under seminatural conditions [23, 177, 335, 423]. The advantage of microcosms
lies of course in the precisely determinable substratum size and properties. The
wide range of biofilm types that can be examined by CLSM imaging resulted in
the enormous success of CLSM which in many laboratories replaced widefield and
epifluorescence microscopy. Some examples demonstrating CLSM on thin bio-
films stained with different fluorochromes are presented in Fig. 1. Biofilms are also
used in studies with a focus on biotechnology, structure function dynamics, deg-
radation and sorption of organic and inorganic compounds, as well as in corrosion
(Table 10). CLSM of laboratory reactor biofilms, biofouling, and other technical
samples are discussed in Sect. 4.9.



Investigation of Microbial Biofilm Structure by Laser Scanning Microscopy 19

4.2 River and Phototrophic Biofilms

One of the first applications of CLSM on river biofilms was reported in 1997. The
biofilms developed in a model system showed a ridged structure in the flow direction
and a predominance of EPS-embedded bacteria in the outer regions of the biofilm
[248]. This initial paper resulted in a series of reports looking at different aspects of
river biofilms (see Table 10 for references). Some of the results were presented in a
review on river biofilms and the applicability of CLSM [171]. Phototrophic biofilms
were also the focus of several studies including the EC project PHOBIA [423].
Some of the investigations took advantage of imaging autofluorescence of photo-
trophs that can be easily separated in different channels [174, 256].

More recently Battin’s group picked up the topic “river biofilms” and produced
a series of excellent publications. They used CLSM to study ecosystem processes
in a streamside flume [17]. Another part of their work focused on the physical,
chemical, and biotic control of stream biofilm development [24]. As a consequence
structure—function coupling with respect to carbohydrate uptake was investigated
[334]. One outcome of the research was a novel concept for biofilm research that
looks at biofilms as a form of landscape [18]. An example of the complex com-
position of lotic biofilms is shown in Fig. 2.

4.3 Flocs, Aggregates

The suitability of CLSM for studying the fragile structure of marine aggregates
was demonstrated by using a variety of staining approaches. It was shown that
marine snow aggregates are structurally very diverse with areas of different density
[53, 127]. A similar approach was employed to investigate river snow (Fig. 3) in
order to assess cell and glycoconjugate distribution [246]. Later this was extended
by combining fluorescence lectin-binding analysis and FISH [26]. The combina-
tion of FLBA and CARD-FISH was reported recently for marine aggregates from
the North Sea [19]. Both approaches, FISH and FLBA, may be used as an indicator
for community diversity. The various approaches for imaging microbial flocs,
aggregates, and granules were compiled in a comprehensive review [173].

4.4 Grazing

There are numerous studies of protist grazing on planktonic microorganisms as well
as on microbial biofilms that were summarized in a review with a focus on fresh-
water biofilms [283]. The issue with protists in combination with point scanning
CLSMs is their motility. Although instruments with fast scanners are now available,
the best choice might be using a spinning disk CLSM. The suitability of CLSM for
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Fig. 2 CLSM dataset as maximum intensity projection showing a river biofilm with complex
environmental features. The same dataset is presented as reflection (a), nucleic acid and lectin
staining (b), lectin staining and autofluorescence (c), all four channels (d). Color allocation:
reflection = white, nucleic acid staining = green, lectin staining = red, autofluorescence of
chlorophyll A = blue

imaging protozoa was confirmed in a taxonomic study of testate amoebae [35]. The
various reports on the effects of protist grazing on microbial biofilms examined by
CLSM are compiled in Table 11. Most of the studies used CLSM not for visuali-
zation of protists but for measuring the effect of grazing on the resulting biofilm
structure. Other studies focused on biofilm grazing by invertebrates and examined
the changes in biofilm architecture and composition by CLSM [175]. Different
aspects of grazing are presented in Fig. 4.
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Fig. 3 CLSM dataset showing a mobile biofilm in form of a river aggregate with complex
environmental features. The same dataset is presented as MIP showing reflection and
autofluorescence (a), nucleic acid and lectin staining (b), all four channels projected in XYZ
with side views (¢). Color allocation: reflection = white, nucleic acid staining = green, lectin
staining = red, autofluorescence of chlorophyll A = blue
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Table 11 Grazing of protists
on microbial biofilms studied
by means of confocal

laser scanning

microscopy

T. R. Neu and J. R. Lawrence

Focus of article

Reference

Wastewater biofilm
Rotating contactor biofilm
Methodology
Pseudomonas biofilm
Pseudomonas biofilm
Serratia biofilms
Flow cell biofilms
River biofilms
Evaluation of methods
River biofilms

Flow cell biofilms

Eisenmann et al. [78]
Martin-Cereceda et al. [217]
Packroff et al. [279]
Matz et al. [222]
Weitere et al. [394]
Queck et al. [300]
Bohme et al. [28]
Wey et al. [396]
Burdikova et al. [35]
Wey et al. [397]
Dopheide et al. [75]

Fig. 4 CLSM dataset as MIP showing grazing of biofilms by protists (a—c) and snails (d). Please
take notice of the grazing pattern caused by the snail in (d). The samples were stained with AAL-
Alexa488 lectin and Syto60 (a). ConA-OregonGreen lectin (b). AAL-Alexa488 lectin and Syto60
(¢). Syto9 and autofluorescence (d). Color allocation: reflection = white, nucleic acid staining =
red (a, c), autofluorescence of phycobilins = pink
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4.5 Fungi, Lichens

The applicability of CLSM in mycology was recognized very early [57]. Several
reports describe fluorochromes suitable for staining fungi. For example, FUN-1 was
developed especially for yeast cells to assess distribution and viability [120, 229].
Additional fluorochromes were suggested for filamentous fungi to study cell wall
porosity and viability [33]. Other lipophilic probes were employed to follow
endocytosis and vesicle transport in fungal hyphae [83]. Fungi as eukaryotic
microorganisms can also be stained using fluorochromes specific for cell organelles
[47]. Overall CLSM has been employed in mycology to assess cellular status and
also to follow the spatial development of fungal hyphae [268, 269]. An overview
showing current state-of-the-art CLSMs of fungi was published by Reid and
coworkers in Edinburgh [124]. Related studies focused on the interaction of fungi
with other organisms. For example, CLSM was used to investigate the interaction
of bacteria and fungi with sugar beet roots [420]. It was found that bacteria may take
the fungal “highway” in order to access their substrate in soil. These bacterial—
fungal interactions can be followed directly by CLSM imaging [87, 88]. Similarly
CLSM may be used to study the symbiosis between phototrophic microorganisms
and fungi in lichens [104, 105]. Examples of fungal biofilm systems examined by
CLSM are shown in Fig. 5.

4.6 Bacteria on Plant Surfaces

Hartman’s group used CLSM together with different techniques for specific
detection of bacteria associated with plant roots. They used antibodies [321, 322]
as well as rRNA-targeted oligonucleotide probes [12] for localization of rhizo-
sphere bacteria. Both techniques have been combined for improved tracking of
bacteria in the rhizosphere of wheat [13] and rice plants [96]. The same combined
approach was used for detection of Pseudomonas on sugar beet roots [197].
Another study looked at colonization of barley roots by Pseudomonas using
immunofluorescence techniques [113]. Examples of the association of bacteria
with root surfaces are shown in Fig. 6. CLSM was also applied to observe
microorganisms on leaf surfaces. The authors compared epifluorescence, scanning
electron, and CLSM as an imaging tool on a range of different leaf types [237].
Adhesion of pathogens to leaves also represents an issue in food microbiology.
This was studied using Arabidopsis and potentially critical bacterial strains [48].
Bacteria on leaves may also contribute to growth as shown for cyanobacteria on
rice leaves [8]. Nitrogen-fixation in Rhizobium—legume symbiosis was studied
using inert surfaces as well as different host plants. Thereby the factors important
for colonization were established [86].
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Fig. 5 CLSM datasets of fungi as pure culture biofilm (a as MIP, b as shadow projection) and in
association with other organisms (b with bacteria, ¢ with phototrophs). All fungal filaments were
stained with CalcoFluor white shown in different colors. Bacteria were stained with Syto9 (¢) and
autofluorescence is shown in red (d)

4.7 Granules

Microbial granules are important in wastewater treatment. Initially reactors were
run with anaerobic granules but more recently granules have been developed under
aerobic conditions. Due to their solid appearance they are dense and often
impenetrable by laser beam, but they are amenable to sectioning and subsequent
CLSM examination. More recently several publications on aerobic granules were
published in order to understand their development and dynamics (Table 12).
Nevertheless there might be a limitation if multiple stains are applied to one
sample. Application of six different fluorochromes specific for different bio-
chemical features indicated issues due to fluorochrome specificity, fluorochrome
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Fig. 6 CLSM datasets of root biofilms shown as MIP. Samples originate from sand filters (a),
laboratory experiments (b, d), water plant (c). Bacteria on roots were stained with: Syto9 (a, b,
¢) and were labeled with GFP (d). Color allocations Syto 9 and GFP = green, autofluorescence
of chlorophyll A = blue, reflection = white. The confocal image of GFP was combined with the
nonconfocal transmission image (d)

interactions, fluorochrome penetration, fluorochrome excitation, and crosstalk
between emission signals. Although some of the issues can be solved with state-
of-the-art hardware (e.g., white laser) and software (e.g., unmixing) as well as
improved sample preparation (e.g., staining after sectioning), multiple staining
remains a challenge in complex microbial communities. Very recently a detailed
study of granules developed in different reactors presented a variety of staining
approaches for assessment of granule structure and composition [393].
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Table 12 Reports on

. Focus of article Reference

granules examined by

confocal laser scanning Anaerobic granule Rocheleau et al. [305]

microscopy Staining procedures Chen et al. [42]
EPS distribution Chen et al. [43]
Fluorochrome diffusion Tsai et al. [371]
Granule stability Adav et al. [2]
Hydrogen-producing granules Zhang et al. [421]
Granule-formation mechanism Barr et al. [16]
Internal growth Juang et al. [142]
Mass transfer Liu et al. [192]
Development of granules Verawaty et al. [382]
Granule formation and structure Weissbrodt et al. [393]

4.8 Viruses, Phages

Studying the interaction of viruses and phages with microbial communities is not
just based on pure scientific interest. In fact there are very practical issues in terms
of the stability of pure and mixed cultures or the potential control of infections and
biofilms by means of phage treatment [72, 196]. Viruses and phages are below the
resolution of the light and laser microscope (Fig. 7). Nevertheless, viruslike par-
ticles can be stained and visualized by means of epifluorescence and laser
microscopy as shown in an early report [74]. Viruses were also investigated in
association with river aggregates. One study has critically discussed the challenges
when viruses are analyzed by light or laser microscopy [198]. Electron and laser
microscopy were also applied in order to examine marine bacteria and viruses and
their association with black carbon particles. A comparison with molecular tech-
niques showed the limitation of quantitative imaging with both SEM and CLSM
[39]. In a very recent article an issue regarding fake virus particles has been raised
[85]. Apart from true viruses and phages there might be membrane-derived ves-
icles, gene transfer elements, and cell debris all of which can contain nucleic acids
and result in staining if nucleic-acid—specific fluorochromes are applied. In most
studies the effect of bacteriophages on biofilm development has been indirectly
assessed in order to avoid high-resolution imaging [98, 223, 303].

4.9 Technical and Model Systems

Frequently CLSM is applied to study reactor biofilms in order to assess the growth
and performance of the system especially in terms of wastewater treatment or
contaminant degradation (Fig. 8). Unwanted biofilms in the form of biofouling
represent another sample type often examined by means of CLSM in order to esti-
mate the degree of fouling (Fig. 9a, ¢, d). CLSM as an imaging technique can not
only be used on medical and (micro)biological samples but also in technical systems
with no biological objects present. For example, the porosity of samples can be
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Fig. 7 CLSM dataset in XYZ projection showing reactor biofilms with different structural
features. Substratum exposed in a stirred tank reactor (a), fluidized bed reactor biofilm on carrier (b),
tube reactor with filamentous bacteria on biofilm surface (c), tube reactor with biofilm ridges in flow
direction (d). Color allocation: nucleic acid staining = green, lectin staining = red, reflection = white

measured. Similarly emulsions of different types may be characterized by CLSM.
Furthermore, the flow pattern and diffusion of compounds in porous media such as
chromatography column material can be studied by using fluorochromes as tracers.
For this reason some of the applications that might be of interest in biotechnology are
compiled in Table 13. An example of this type of application is given in Fig. 8.

S Future Prospects

The development of LSM changed the way light/laser microscopy is done today.
Nevertheless new techniques are becoming available for the imaging of micro-
biological samples. These exciting techniques are following two paths. First, they
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Fig. 8 CLSM datasets of biofilms from technical habitats shown as isosurface projection (a, ¢) and
MIP (b, d). Bacteria attached to a bead and to fibers from a water purification set-up (a, ¢) were
stained with Syto9. Coating of particles with silicone and stained using NileRed (b). Fouling of a
membrane was visualized by staining with SyproOrange (d)

are aimed at enhancing the resolution beyond the diffraction limit. With normal
light or laser microscopes this limit is in the range of 300-200 nm depending on
the wavelength and sample type. The new microscopy techniques that are now
available have a resolution of 120 nm in structured illumination microscopy
(SIM), 70 nm in stimulated emission depletion microscopy (STED), and 30 nm in
localization/stochastic/blink microscopy (PALM/STORM/GSD). The drawback of
these techniques lies in the fact that the sample somehow has to match the tech-
nical requirements of the instrument. As a result they cannot be used with the same
flexibility as, for example, CLSM. Second, other new techniques are aiming at
macroscale imaging. For example, optical coherence tomography (OCT) can be
used to image biofilms at the mm scale in a top-down fashion. Another technique,
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Fig. 9 CLSM data showing
an example of viruses from a

multiple-filtered river water

sample stained by SybrGreen.
The large objects are bacteria

and the tiny signals are
viruslike particles

Table 13 Technical systems

studied by confocal laser
scanning microscopy

Focus of article

Reference

Oil inclusions

Aggregation of latex particles
Protein diffusion in beads
Protein diffusion in porous media
Droplets size water/fat
Biopolymer mixtures
Alginate capsules
Chromatrography matrix
Chromatrography applications
Sandstone porosity

Material science

Pironon et al. [296]
Thill et al. [361]

Laca et al. [156]

Linden et al. [191]

Van Dalen [379]

van de Velde et al. [380]
Strand et al. [351]

Siu et al. [338]
Hubbuch and Kula [131]
Zoghlami et al. [424]
Hovis and Heuer [129]

selected plane illumination microscopy (SPIM) can be used for imaging larger
objects from different angles, thereby getting improved resolution in thick speci-
mens. As a consequence the imaging approach will finally comprise correlative
microscopy in order to take advantage of the individual techniques. This
may include macroscale techniques, confocal microscopy, and high-resolution
microscopy. In addition, chemical imaging that could not be covered in this review
is becoming more and more available. The techniques available in this category
among others include Raman microscopy, nanoSIMS, and synchrotron imaging.
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Modeling of Biofilm Systems: A Review

Harald Horn and Susanne Lackner

Abstract The modeling of biochemical processes in biofilms is more complex
compared to those in suspended biomass due to the existence of substrate gradients.
The diffusion and reaction of substrates within the biofilms were simulated in 1D
models in the 1970s. The quality of these simulation results was later improved by
consideration of mass transfer at the bulk/biofilm interface and detachment of
biomass from the surface. Furthermore, modeling of species distribution along the
axis perpendicular to the substratum helped to simulate productivity and long-term
behavior in multispecies biofilms. Multidimensional models that were able to give a
realistic prediction of the surface structure of biofilms were published in the 1990s.
The 2D or 3D representation of the distribution of the species in a matrix of
extracellular polymeric substances (EPS) helped predict the behavior of multispe-
cies biofilm systems. The influence of shear forces on such 2D or 3D biofilm
structures was included by solving the Navier—Stokes equation for the liquid phase
above the biofilm. More recently, the interaction between the fluid and biofilm
structures was addressed more seriously by no longer considering the biofilm
structures as being rigid. The latter approach opened a new door, enabling one to
describe biofilms as viscoelastic systems that are not only able to grow and produce
but also be deformed or even dislodged if external forces are applied.

Keywords Biofilm model - Detachment . Fluid structure interaction - Mass
transfer - Multidimensional
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Cellular automata
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1 Introduction

The wish for a better understanding of the organization and function of microor-
ganisms in biofilms has led to the development of a variety of models that capture
the knowledge of biofilm systems which has accumulated over the last three dec-
ades. Such models are more than just an assembly of the biochemical processes that
occur in biofilm systems. To represent a biofilm system adequately by mathematical
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simulations, physical aspects such as transport mechanisms, shear forces, and
mechanical strength have to be addressed in addition to the microbiological and/or
ecological aspects of the “micro” organisms involved in biofilms. The modeling
of biofilm systems thus quickly becomes a multidisciplinary effort combining
microbiology, biogeochemistry, and fluid mechanics. Although biofilms do not yet
play an important role in chemical production, the interest in modeling biofilm
systems has been steadily increasing within the last 30 years [1]. One main reason
has been an increasing acceptance that microorganisms in the real world like to
organize themselves in biofilms and not as suspended individuals [2]. By opening
this door a broad research field has emerged, and dozens of research groups
worldwide have taken on the challenge of identifying the main factors influencing
the structure and function of biofilms [3]. In recent years, specific aspects such as
communication or quorum sensing between bacteria [4] have been implemented
into a mathematical framework for biofilm modeling [5].

Very often the published manuscripts on biofilm models picked up new insights
that have been generated with new experimental tools. The first significant con-
tributions that led to a better understanding of mass transfer and mass transport in
biofilm systems have been made with microelectrode studies [6-9] (see contribution
of Beyenal in this volume). In the 1990s imaging of biofilm structures with confocal
laser scanning microscopy (CLSM) became popular [10] and was then a driving
force for multidimensional biofilm models [11] (see contribution of Neu and
Lawrence in this volume). In the same decade molecular methods including DGGE,
FISH, and PCR increased knowledge of microbiological composition and spatial
distribution of biofilms [12]. Such methods are capable of showing the high
diversity of microorganisms in mixed cultures. Nevertheless, the contribution of
every single strain to the structure and function of mixed culture biofilm systems
has seldom been addressed in biofilm models [13, 14].

In general, two main aspects can be found in the literature that led to the
development and/or application of biofilm models.

Biofilm reactor models The first wave of model concepts for biofilms were all
presented around the same time and were mainly designed to describe phenomena in
fixed-bed reactors for wastewater treatment. All of these authors recognized that
established mathematical models for suspended biomass were inadequate for fixed-
bed reactors as they did not take the limiting diffusion in the biofilm matrix into
account, and tried to remedy this by including reaction—diffusion mass balances. In
the following three decades many models were developed and published that
described mass transport and substrate conversion in biofilm reactors for wastewater
treatment or other technical systems [15—18]. Most of these models can typically be
linked to environmental engineering. A very good review on this topic was pub-
lished in Ref. [19]. The authors provide an excellent overview of the existing tools
for modeling biofilm reactors in wastewater treatment. Models aimed at consultants
and engineers specific for the design of biofilm reactors are still scarce compared to
those of activated sludges, although more and more commercially available software
packages also include sections for the modeling of biofilms.
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General biofilm models The second group of models was developed to describe
processes and structures in biofilms, and was not aimed at specific applications.
These models addressed issues such as detachment and attachment of particles at
the biofilm surface, incorporation of EPS within the biofilm structure, population
dynamics, and biofilm structure development. The latter can only be done with 2D
or 3D models. These models form the majority of the publications in the last two
decades [11, 20-26]. Recent developments deal with incorporation of physical
biofilm properties into biofilm modeling [27, 28].

The number of reviews dealing with modeling of biofilm systems is limited.
Reference [29] presented an early review of biofilm models. In 2006 an IWA task
group produced a publication describing the state of the art of the mathematical
modeling of biofilms [30]. In several benchmark problems the capability and limi-
tations of both analytical and numerical solutions were discussed. The main focus of
this report was on the comparison of 1D and 2D, respectively, 3D models. Advances
in biofilm modeling with special focus on multidimensional aspects are presented in
Ref. [31]. Klapper and Dockery [32] presented another review linking modeling and
microbial ecology. A special focus in that review is on antimicrobial tolerance of
microorganisms, biofilm mechanics, and quorum sensing. Medical biofilms and their
tolerance against antibiotics has been a popular topic in biofilm research in the last
decade. The review in Ref. [33] presents the main topics in this research area.

The review presented here discusses traditional biofilm models, coupling reaction/
diffusion with population dynamics and biofilm structure. Both one-dimensional and
multidimensional approaches are discussed. The focus is on the coupling of structure
and function of biofilms. The often underestimated effect of mass transfer is also
discussed as well as the impact of detachment. These processes form part of most one-
and multidimensional biofilm models. Finally, the latest developments incorporating
biofilm mechanics are shown.

2 1D Biofilm Models

2.1 Mass Transfer at the Bulk/Biofilm Interface

In many existing biofilm models the bulk/biofilm interface is not handled properly.
Mass transfer at this interface is decisive for the supply of the active biomass with
all types of soluble substrates. Assuming that the biofilm surface is separated from
the bulk by a laminar layer, classical film theory can be applied. In several models
the thickness of this layer has been set to values around 100 pm [34-37]. In film
theory the mass transport within this layer is assumed to be diffusive. Therefore the
layer is often called the diffusion boundary layer (DBL) [38, 39]. The mass transfer
coefficient k; can then be calculated by dividing the diffusion coefficient D, by the
thickness of the boundary layer L:
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kp = — (1)

Nevertheless, numerous microelectrode measurements indicate that both diffu-
sive and advective transport drive the transport within the boundary layer [40—44].
Therefore, a linear approach as shown in Eq. (1) is not close to reality, as, for
example, can be seen in Fig. 2 for an oxygen profile measured with a microelec-
trode in a hetero-/autotrophic biofilm. Consequently, the boundary layer should be
addressed as the concentration boundary layer (CBL). The mass transfer at the bulk/
biofilm interface is a result of flow conditions in the bulk phase and can be cal-
culated if an empirically derived relation between flow and mass transfer is
available. The Sherwood number Sk is the dimensionless number for mass transfer.
It is used to determine the ratio of the total mass transfer flux to the diffusion flux:

Ckp-d
==

Sh

(2)

The characteristic length d depends on reactor geometry; in the case of a tube it
is the tube diameter. The Sherwood number can be expressed as a function of the
Reynolds number Re and the Schmidt number Sc:

-d
Sh = f(Re, Sc) with Sc :DL’ Re = MT and Pe = ReSc  (3)

i

where u is the average flow velocity, v the kinematic viscosity, and Pe is the Peclet
number as the product of Re and Sc. An overview of variations of the Sherwood
number in biofilm systems is given in Table 1. Only a few of these equations were
adapted specifically to biofilm systems by the authors. In fact, most of the equations
were taken from process engineering where they were mainly used in connection
with biofilm-free surfaces.

Equation (11) is based on microelectrode measurements [52]. The steepness of
the oxygen concentration profiles has been combined with the measured mass flux
Jjoo. Thereby, averaged mass transfer coefficients k; could be calculated based on
the Neumann boundary condition at the bulk/biofilm interface:

Ji = kr - (cBi — cri) (4)

Picioreanu et al. [54] extended the equation for the Sherwood number for bio-
films by including the enlargement of the surface area o [Eq. (14)]. A comparable
approach was published in Ref. [53] both for laminar and turbulent flow in tubes
[Egs. (12) and (13)]. The structure factor 2 is a function of growth rate 4 and flow
conditions during growth. Such approaches attempting to incorporate the effect of
biofilm structure into 1D models have not been fully successful. The possibility of
generating the required “real” surface structures is better provided with 2D or 3D
models (see Chap. 3).
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Table 1 Equations for the sherwood number in biofilm systems (adapted from Ref. [45])
Sherwood number Sh Reactor type References Equation
Laminar: Gravel in a flow [46] 5)
88 + (1.11 x 107''/d,) Re** x Sc'” channel

2 + fx (Re SO)"/(1 + (Re Sc) 2" Immobilized [47, 48] (6)
with fx = 0.66/[1 + (0.84 Sc'-6)*]'7 biocatalyst

Laminar: Membrane tube [49] 7
1.615 (Re d/L)' 827 * reactor ®)
Turbulent:

0.037 (Re®™ — 180) S¢®?7 [1 + (d/L)] **

Turbulent: Open flow [50] 9)
0.0153 Re %33 5¢c 032 channel

Laminar: ) Biofilter with par- [51] (10)
2 +0.51 (x Re,d) *¢ ¢ " ticle-fixed

(x, 8 = f(Re,) with Re, = u dy/v) biofilms

Laminar: Biofilm tube [52, 53] 11
2 Re'? Sc'? (d/L)'? (1 + 0.0021 Re) reactor 12)
2 Re'? Sc'? (/)M (0.24 )7 (13)
Turbulent:

0.037 Re®7 Sc'? (0.24 Q)!

Laminar: Particle-fixed [54] (14)
C o™ Re'” sc'? biofilms

*Not specifically adapted to biofilms

2.2 Reaction/Diffusion Models

Knowledge of the substrate concentration at the biofilm surface [Eq. (14)] is
essential for solving models of reaction/diffusion processes in the biofilm. As
mentioned above, the first model approaches were published around 1976 [55-58].
The authors tried to describe mass transport and conversion in fixed-bed reactors
used for wastewater treatment. Substrate conversion in the biofilm was coupled to
diffusion and a steady-state approach (dc/d¢ = 0) based on Fick’s second law was
used:

aZCS

D¢——
Sazz

=7Trs (15)

with

1 Csg X
re = 7
N Himax YX/S (CS + KS)
This reaction/diffusion model is still used. The biggest challenge is still how to
describe the distribution of biomass along the axis perpendicular to the substratum.
As long as one species or one group of microorganisms (i.e., biomass X) has to be
modeled, the biomass can be handled easily and more or less evenly distributed



60 H. Horn and S. Lackner

based on the availability of substrate S. As soon as two or more species with
different growth rates 4 and yield coefficients Y are involved, the outcome of the
model strongly depends on where the different species can be found at which
concentration along the z-axis.

Kissel et al. [20] made one of the first significant contributions to overcome this
problem. The biofilm was divided into segments. Both the biomass growth and the
proportion of the involved species as well as their distribution in the biofilm were
then calculated. Another approach [22] discretized both biofilm and water layer
perpendicular to the substratum. The authors identified the important influence of
biofilm density py, which is formulated as follows:

px = mx/Vp (16)

px determines the amount of biomass X of a certain species that is available in a
volume element. Depending on cultivation conditions and specific growth rate of the
species py can vary between 10,000 g/m> [53] and 110,000 g/m* [59]. The general
assumption is that the lower the growth rate, the higher the density, and the lower the
flow velocity (or shear rate) above the biofilm the lower the density [60, 61].

One of the most used 1D models was published in 1986 by Wanner and Gujer
with further developments over the following 10 years [23, 62]. The particulate
components (i.e., biomass and particulate inert material) were treated in a contin-
uum approach. Wanner and Gujer used a differential equation to describe the mass
balance of particulate components in biofilms:

aX,' _ ur 6X,
a0z

+}’Xj (17)

Inclusion of this made it possible to synchronize substrate transport and utilization
[Eq. (15)] along the z-axis with the change of particulate component concentration
X;. In Eq. (15) rg describes the substrate conversion whereas the rate for conversion
of particulate components X; is symbolized in Eq. (17) by ry;.

The key parameter u represents the velocity of particulate components i moving
perpendicular to the sub-stratum (see Fig. 1). The velocity can be positive if the
component X; is produced by growth and can be negative if the component
undergoes, for example, lysis.

Lr n
Z”i
Uup = MF(zzO) +/ pidZ (18)
i=1 It
0

The value of p; will have a strong impact. If the biofilm density p; is set to a low
value the biofilm thickness Ly will grow with a higher velocity. Most published 1D
simulation studies do not try to predict the biofilm density but rely on experience or
measured values [63—-66]. An advanced approach of the model shown above, which
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Fig. 1 Transport of a particulate component (crossed sphere) after growth of new components
(dark grey) in the underlying layer (adapted from Ref. [62])

was published in 1989 by Gujer and Wanner, separated the biofilm into a liquid
phase e and a solid phase gg [62]. Microorganisms and other particulate material
are part of the solid phase and the dissolved components such as substrate and
oxygen are transported in the liquid phase.

e+ Y esi=1 (19)

Figure 2 shows a typical example for an application of the Wanner—Gujer model,
a competition between ammonium oxidizing autotrophic bacteria and organic
carbon utilizing heterotrophic bacteria, which is often used as the classic case for
1D biofilm models [34, 67, 68] in wastewater treatment. In the latter case micro-
electrode measurements are used to optimize the kinetic parameters. Similar sim-
ulation studies have been conducted for biofilms growing on permeable membranes
[69]. In this case the biofilm is membrane bound and supplied with oxygen from the
membrane side. The setup allows for simultaneous nitrification and denitrification
in one biofilm. Membrane bound biofilm reactors also offer different selection
mechanisms, for example, to select for ammonium or nitrite oxidizing bacteria
(AOB and NOB) [70, 71].

The outcome of such simulation studies is mainly driven by the underlying
kinetics of the involved species. In this case ammonium oxidizing bacteria AOB,
nitrite oxidizing bacteria NOB, heterotrophic bacteria HB, and inert material are
competing for space and oxygen. For wastewater treatment the activated sludge
model ASM is typically applied to describe the kinetics [72]. Nevertheless, as the
competition of AOB and NOB is not explicitly described in the ASM, most
modelers use the kinetic parameters accumulated for these two types of organisms
by [65] from different sources.
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Fig. 2 Simulation results for a heterotrophic/autotrophic biofilm system. Right graph species
distribution; left image measured (grey circle) oxygen profile with concentration boundary layer
(CBL) and the simulated profile within the biofilm for the same day (data and permission from
Ref. [68])

If there are large differences between the growth rates u of the bacteria involved,
the species will be stratified as shown in Fig. 2. Physical parameters, such as the
mass transfer coefficient k; and diffusion coefficient D, will not have a high impact,
as the diffusion coefficients of the different substrate molecules involved are rather
similar [73-75].

A successful tool for the above-described 1D simulations of biofilm systems is
AQUASIM, which has been available for 20 years and is still widely used [76]
(http://www.eawag.ch/forschung/siam/software/aquasim/index). Various types of
active or inactive particulate biological or inorganic components within the biofilm
can be included in the simulations including:

Bacteria (AOB, NOB, AnAOB, heterotrophic bacteria) [69, 70, 77-81]
Extracellular polymeric substances (EPS) produced by bacteria [82, 83]
Phototrophic microorganisms [84—86]

Fungi [87, 88]

Inorganic materials [89]

The results of such simulation studies might be partly predictable, as most of the
dynamic processes behave quite linearly. More or less unexpected results are
achieved if instationary detachment processes are applied to allow slower growing
microorganisms to appear at the biofilm surface because of detachment of the faster
ones [90].
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2.3 Detachment

The prediction of detachment is still an unsolved problem. Like transport processes,
it is driven more by physics and less so by the microbiology. Already in the 1980s
simple models were proposed on how the process of biomass detachment should be
described. Several approaches have been published aiming to model the loss of
biomass by detachment. These biofilm models mainly focus on erosion and
sloughing. Erosion is characterized by the detachment of smaller particles in the
range of 10 pm, whereas sloughing involves the removal of large parts up to several
mm from the biofilm. Two other mechanisms that may also cause biofilm to be
removed have not really been addressed by modelers, that is, abrasion and grazing
by higher organisms.

Detachment occurs when external forces (e.g., through shear) are larger than the
internal strength of the biofilm matrix. In principle there are two mechanisms that
can lead to detachment: (i) increase of the external shear forces (e.g., during
backwashing), or (ii) decrease of the internal strength (e.g., through hydrolysis of
the polymeric biofilm matrix) [91]. Generally the detachment process can be for-
mulated as

ddi::f(pFa LFa K, T7"') (20)

Detachment is caused by a combination of biological, chemical, and physical
processes [92] and detachment has been linked to different parameters [see
Eq. (20)]. Little is known about the biological mechanisms of the bacterial species
involved. As a result detachment is often incorporated into biofilm models on the
basis of simplified assumptions [68, 93]. Sometimes a constant biofilm thickness is
assumed to focus on the microbial processes inside the biofilm [21, 94]. Table 2
provides several approaches by which detachment can be incorporated into biofilm
modeling. Typically a detachment coefficient k, is used as the lumped parameter.
Early models often used biofilm thickness [34, 95-98]. A more physical approach is
the use of shear stress 7 [26, 99, 100] or the change of shear stress 7 [101]. The rate
of increase of shear stress delivers an especially significant contribution to
detachment [91].

Other authors identified the influence of growth rate u of the microorganisms as
a significant factor in the detachment process [101, 103, 105, 106, 107]. Detach-
ment processes can be a function of time, for example, during back washing
[64, 108]. A dimensionless analysis of the detachment rate is provided by Nicolella
[109]. One-dimensional models with shear and nonshear detachment are compared
in Ref. [110].
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Table 2 Detachment models for one-dimensional biofilm models (adapted from Ref. [102])

Biofilm growth under constant Formulation of the References | Equation
substrate load detachment rate

(g/m*d)
Constant Constant biofilm [21]

thickness
Constant kX7 [98, 95] 1)
Constant kgpr Lpt % [100] (22)
Constant ka pr L2 [34] 23)
Constant Lp (kg + kg" w) [103] 24)
Constant kq pr Lr [96, 97, 25)

104]

Constant kqprt [99] (26)
Constant kq pr ur [23] 27)
Time dependent detachment differenti- No detachment ... In [102] (28)
ating between normal operation and operation
backwashing* ka (Lr = Lrpase) ---

During backwash
Random kg random (LF — Lrpase) | [91] (29)

The dimensions of k4, k; and k,; are different for different models
*Model of a sequencing batch reactor (SBR)

3 Advanced Multidimensional Biofilm Models: Biofilm
Structure

3.1 Cellular Automata (CA)

At the end of the 1990s the first multidimensional biofilm models were published
on cellular automata (CA). The authors used a discrete formulation, which was able
to describe the spatial heterogeneity of biofilms produced by growth and decay of
microorganisms [24, 111, 112]. Two-dimensional approaches used a uniform
rectangular grid, whereas 3D models used cubical elements. The available squares
(2D) or cuboids (3D) were filled with biomass based on growth driven by the
turnover of available substrate. The state of a system was determined based on the
substrate concentration S and biomass density C (in dimensionless form). A third
matrix element described whether a space was filled with bacteria, inert material, or
liquid [113].

Figure 3 shows an example for a 2D grid. The substrate concentration is cal-
culated based on the reaction diffusion Eq. (5). The biomass density is a key
parameter as it drives the turnover of the reaction/diffusion model. The modeler has
to decide how much biomass is allowed for one square. If the biomass density
reaches its maximum level the excess biomass will be transferred to one of the
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Fig. 3 Grid (N,L) for CA with cells filled with biomass or liquid phase (adapted from Ref. [11])

adjacent cells. If all adjacent cells are occupied one randomly chosen cell is dis-
placed following the same rule.

When run, these 2D or 3D structures develop a structural heterogeneity of
biofilms similar to those seen with CLSM techniques in the 1990s (see review on
imaging by Neu and Lawrence in this volume). Picioreanu et al. further specified
the CA approach with respect to the different states of the cells within their model
[11]. Figure 3 shows the different states of the cells within a grid that are defined as
with liquid phase, biomass at the biofilm front, biomass within the biofilm, and
internal pores. The work shows how biofilm roughness ¢ developed based on
substrate availability. The roughness was calculated based on the state of matrix ¢
and the deviation of the local biofilm thickness Z; (see Fig. 3).

Figure 4 shows a biofilm structure generated with the CA approach [11]. The
example is based on slow-growing bacteria with a growth rate ., of 1.2 d .
Different biofilm structures can develop based on inoculation strategy, substrate
availability, and flow field [24, 114]. In general the surface roughness ¢ increases
with decreasing substrate availability. Fingerlike structures as can be seen in Fig. 4
have also been generated with continuum approaches using pressure (generated
within the biofilm by growth) as the driver for biofilm growth [115]. Other con-
tinuum approaches tried to describe the spreading of biomass with diffusion [116].

Detachment has been included in biofilm models based on CA. For example, in
Ref. [117] detachment of biomass was assumed to be caused by the internal stress
generated by a liquid phase moving above the biofilm. The biofilm was assumed to be
a homogeneous and isotropic elastic material. The biofilm would detach if the
external forces driven by the flow field exceeded the internal strength. A more con-
servative CA approach for describing detachment that included detachment coeffi-
cients and maximum biofilm height was presented by Chambless and Stewart [118].
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Fig. 4 Application of the CA-based biofilm model, shown with permission from Ref. [11]. The
model shows a biofilm structure after 31 days at an average substrate concentration. The lines
above the biofilm structure show the substrate concentration field; the arrows indicate the flux

3.2 Individual-Based and Particle-Based Biofilm Models

A main trigger for the development of 3D model approaches other than CA was the
question of how single cells really behave in terms of spreading. Kreft et al. were the
first to develop an individual-based model that focused on single cells as individual
particulate units [93]. The idea was to generate biofilm structures that give a more
realistic distribution of bacteria in a biofilm matrix. The model, BacSim, was
organized similar to the CA models described above. Cells were represented by
shapes, typically spheres. A minimum distance was maintained between the
neighboring cells [119]. Growth was again based on the reaction/diffusion equation
for the soluble substrates [see Eq. (5)] The biomass accumulation was simulated by
the insertion of new cells. After insertion the new position of cells within the matrix
was determined based on the calculated overlap with neighboring cells.

In general CA biomass-based models (BbM) and individual-based models (IbM)
show no major differences except in biofilm shape and distribution of so-called
minority species [119]. The behavior of competing egoistic and altruistic bacteria
has been studied with IbM [120]. The author compared two bacteria with different
strategies but growing on the same substrate: a high yield (YS) and a high rate
strategist (RS). Compared to suspended cultures, where the RS are better off, YS
can dominate biofilms. YS do have a chance to maintain within the system if they
form clusters, which have to be broken up in single cells occasionally to colonize
new surfaces. The simulation shows a possible benefit of multidimensional models
compared to the 1D approach. The behavior of different strategies or species in
terms of dispersal can be studied easily.

To reduce the resources needed for computing an extension of the IbM has been
proposed in which the particles are clumped together to form units with a larger
diameter (up to 20 um compared to 1 pm in the standard IbM) [121]. The particles
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Fig. 5 Particle-based biofilm
model with AOB (blue) and
NOB (red). Particle size is
around 20 um. Fluxes of
oxygen (a) and nitrite

(b) indicated by the length of
the arrows. The two images
nicely show the concentration
fields for the two substrates of
which one (nitrite) is
produced within the biofilm
and the other (oxygen) comes
with the liquid phase from
outside the biofilm
(reproduced with permission
from Ref. [121])

consist of one type of bacteria and inert biomass. Redistribution of the clumps is
organized in the same way as in the standard IbM. The spread of biomass is again
the result of biomass growth, and occurs by spheres pushing each other out of the
way when they get too close to each other [121].

Figure 5 shows one advantage of 2D models over the traditional 1D simulation.
A cluster of NOB is embedded in AOBs, receiving their substrates from different
sources (nitrite from AOB activity and oxygen from the bulk). The necessary
resolution of AOB and NOB in two dimensions to demonstrate the impact on local
substrate distribution is not possible with 1D models.

Most of the early individual-based models did not address hydrodynamics. The
main problem was the time scale. There were several magnitudes of difference in
the time scales between processes such as advective flow and the growth of new
bacteria:

Advection (1072 -10"" s)

Biochemical substrate conversion (10! —10? s)
Diffusion (10? s)

Biomass growth (105 s)

Detachment, erosion (10 s), and sloughing (10° s)

Xavier et al. published a particle-based model that included a realistic liquid flow
above the biofilm structure [122] by calculating the laminar flow field above the
biofilm structure using the Navier—Stokes equation:
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Ou s 1
% vVu—u-Vu—;Vp Vu=20 (30)

By solving this equation the mass transfer at the bulk/biofilm interface could be
solved in parallel and the Sherwood number no longer had to be calculated based on
empirical equations (see Table 1). Furthermore, the detachment was addressed in
the particle-based biofilm models by the use of a level-set method to identify the
bulk/biofilm interface [123]. The model incorporates the production of heterotro-
phic biomass, EPS, and inert material. Detachment processes including erosion and
sloughing are coupled, with higher erosion less sloughing can be observed.

In the last decade multidimensional biofilm models have been used to simulate
processes in technical aquatic systems mainly by the biofilm modeling group at TU
Delft:

Anaerobic ammonium oxidation [121]
Microbial fuel cells [124]

Porous media [125]

Biofouling in membrane technology [126]

Recently Lardon et al. formulated a general IbM (IDYNOMICS) with an open-
source code [127]. The biofilm pressure field introduced by Alpkvist and Klapper
[27] was also implemented. These approaches directly lead to the fluid—structure
interaction, which is discussed in the next chapter.

4 Coupling Fluid Dynamics with Biofilm Structure

Although the multidimensional structure and function of biofilms can be simulated
with the models described before, the incorporation of physical processes such as
deformation by shear forces is not addressed by these models. This can be difficult.
The problem begins with the identification of required parameters [128]. Methods
to measure physical biofilm characteristics are challenging and do not easily pro-
vide the necessary parameters (Young’s modulus, shear modulus, adhesive or
tensile strength) that are needed to feed such models [129, 130]. It is, however,
worthwhile. Biofilms typically behave as viscoelastic structures if shear forces are
applied. The deformation that follows the application of shear will have an impact
on mass transfer, compactness of biomass, and detachment. A moving structure will
also back-couple on the flow field.

A ball-spring model for biofilms was proposed by Alpkvist and Klapper (2007),
which applied an immersed boundary method to describe the mechanical response
and in the end detachment of biomass from biofilms in a flow field [27]. This
contribution was a significant step forward in biofilm modeling because the biofilm
structure was no longer assumed to be rigid. The role of biofilm cohesion with
respect to growth-induced pressure stress within the biofilm was described by
Dockery and Klapper [131]. Another example of a two-dimensional biofilm
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Fig. 6 Substrate concentration around a rigid (upper image) and an oscillating (lower image)
biofilm streamer (reproduced with permission from Ref. [137])

structure deformed due to applied shear forces was presented by Cogan (2008). The
author assumed the biofilm as viscoelastic fluid surrounded by another fluid with a
lower viscosity [132].

Recently, finite element methods (FEM) or extended finite element methods
(XFEM) found their way into the modeling of fluid—structure interaction in biofilm
systems [133]. One example is provided by Duddu et al. [134], who presented a
model that included mass transfer, growth, and detachment of biomass based on
XFEM and a level-set interface tracking method. Another development is the use of
images from CLSM to study detachment of biomass in combination with FEM [28].
Real biofilm structures are used to simulate the detachment. Such a combination of
imaging with CLSM and simulation with FEM was also applied for a surgical
suture covered with colonies of Staphylococcus aureus [135]. The aim was to
predict the detachment of bacterial cells as a result of the deformation of the suture.

The influence of flow velocity on the oscillation of a biofilm streamer and the
back coupling on the surrounding flow field was studied by Taherzadeh et al. [136].
The formation of a Karman vortex street behind the biofilm streamer was shown to
create eddies that influenced the streamers growing downstream. The oscillation of
the streamer reduced the forces that were induced by the moving fluid. Furthermore,
the movement clearly led to improved mass transfer at the tip of the streamer.
Comparison of a rigid structure and an oscillating streamer (Fig. 6) showed a
significantly better substrate supply for the latter [137].

5 Conclusions and Future Perspectives

The last three decades have seen huge developments in biofilm modeling. Simple
reaction/diffusion models for biofilms have been further developed into multidi-
mensional, multispecies models that are used in biofilm research today. However,
compared to the activated sludge models (ASM) [72] that are intensively used for
the design and operation of wastewater treatment plants, the available biofilm
models have not had much success [30, 138-140]. It seems that isolated questions



70 H. Horn and S. Lackner

about mass transfer, species distribution, and detachment can be answered with the
available modeling tools but the entire situation in a full-scale biofilm reactor
cannot easily be predicted. This is because, on top of the biofilm, the geometry of
the reactor and carrier material has to be considered. This makes it difficult to make
accurate predictions as the necessary data for the reactor model are seldom
available.

It is evident that the dilemma described above cannot be solved by more
complex multidimensional or multiphysics biofilm models. The development of
multidimensional biofilm models (CA, IbM, and particle-based models) has,
however, a positive impact on the understanding of the underlying processes in
biofilms. One good example is the development of biofouling in reverse osmosis
(RO) spiral-wound modules. As this is a very local problem the simulation results
of 2D studies with a fully resolved flow field provide a very good insight into the
development of biofilms on the feed spacer material in RO [141].

The perspective of having more models that are able to couple the above-
described biochemical part (substrate transport/consumption and biomass growth/
distribution) with mechanical characteristics and behavior is versssy promising.
Computing time remains an issue; however, it has become a minor one. Mea-
surement of the necessary parameters continues to be challenging and needs further
improvement. Forty years ago microelectrode studies pushed the first reaction/
diffusion models [40]. Twenty years ago the multidimensional models were
inspired by imaging techniques such as CLSM [10]. Perhaps current biofilm models
can take a step forward by the characterization of mechanical properties of biofilms
[129, 130].

Acknowledgment Many thanks to Roland Mohle and Danial Taherzadeh. Both did their PhDs on
modeling of biofilm systems and thereby contributed significantly to the understanding of structure
and function of mixed culture biofilm systems.
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Biofilm Architecture

Jochen J. Schuster and Gerard H. Markx

Abstract Microbial biofilms are complex self-organized communities of micro-
bial cells that provide protective environments for the cells that inhabit the biofilm,
enabling them to respond efficiently to challenges. The enhanced resistance and
altered metabolism of the cells in the biofilm makes biofilms potentially very
useful in chemical production processes, including the production of pharmaceu-
ticals and biofuels. Synthetic biofilms in which the composition and architecture of
the biofilm is controlled by the designer could help in harnessing this potential. In
this chapter we discuss biofilm architecture, how it can be created by natural or
artificial means, and how it affects biofilm function.
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1 Introduction

It has been recognized for many years that microorganisms in natural ecosystems
do not usually live as single suspended (planktonic) cells, but instead mainly live
in communities attached to surfaces or each other. The interest in such commu-
nities—commonly referred to as biofilms (if associated with a phase boundary
such as a liquid—solid surface) or flocs (if suspended) [1]—has increased expo-
nentially over the last three decades, not only because of the relevance of such
systems in nature, for example, in biomineralization processes, but also because
such communities are also important in many man-made systems.

The presence of biofilms can lead to problems in areas where biofilms are not
supposed to occur. For example, biofilms can cause large problems in the main-
tenance of human health. A good example is biofilm on teeth, known as dental
plaque [2], which can lead to tooth decay. Another is biofilm that develops on
medical devices such as intravascular and urinary catheters, or orthopedic implants
that can lead to the infection of the patients [3]. Other examples of areas in which
biofilms can lead to problems are food, chemical, or power plants or other pipeline
networks. The growth of microorganisms inside pipelines or on other surfaces
exposed to a flowing medium is generally known as biofouling, and decreases the
process efficiency by lowering mass transfers, increasing friction, and reducing
heat transfer [4]; also product quality can be adversely affected, for example, in
food or pharmaceutical production. Biofilms also play a role in corrosion, and can
be a source of pathogens in water supplies [5]. The presence of biofilms and the
difficulty of removing them lead to increased running and maintenance costs.

On the other hand biofilms can also be useful. Biofilms are already extensively
used in wastewater treatment [6] and play roles in the production of biofuels, such
as methane production by methanogenesis [7-9]. Biofilms are used in food pro-
duction (e.g., for the production of vinegar), and biofilms are also potentially
useful in biocatalysis [10].

One of the reasons for the high scientific interest in these communities is the
fact that when a biofilm is formed the microorganism assembly has different
properties compared to planktonic cells. These include an enhanced persistence
and resistance to environmental threats such as antimicrobial agents, toxic sub-
stances, thermal stress, predation, oxidative stress, UV light, and so on [5, 11].
Also the metabolic activities of microbial cells can show significant differences
compared to suspension cultures of the same cells. Understanding what causes
these differences can not only help one to combat biofilms where they pose a
problem, but harnessing the ability of microbial cells in biofilm to withstand the
often harsh and toxic environment in bioreactors [7, 12] and efficiently metabolize
substrates within the biofilm environment could be of significant utility in bio-
catalysis [12—14].

Although small but significant differences have been found in the geno- and
phenotype of the microbial cells that are in biofilms compared to planktonic cells,
such differences are not sufficient to explain the apparently anomalous resistance
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and metabolic activity in biofilms, and other factors are thought to play a role. A
major factor is thought to be the architecture of the biofilm. In this chapter we
explore biofilm architecture, how it is created, what roles it plays in biofilm
activity, and how altering biofilm architecture by artificial means could potentially
be used to advantage.

2 Architecture of Naturally Formed Biofilms

Early models of naturally occurring biofilms considered them to be relatively
homogeneous structures consisting of a gel matrix of extracellular polymeric
substances (EPS) with microbes evenly embedded within. The development of
advanced imaging techniques such as confocal laser scanning microscopy
(CLSM), which allows the 3-dimensional (3D) structure of biofilms to be imaged
[15] have since shown that many biofilms are indeed relatively simple, and are
relatively flat and compact structures that covered all the surface available
[16, 17]. However, other biofilms have been shown to be more complex, with
structures ranging from patchy clumps to elaborate morphological structures such
as pillars or mushroom shapes with water channels in between for the exchange of
materials within the biofilm and with the surroundings [16, 18, 19]. The devel-
opmental processes that lead to the formation of such structures have intrigued
many scientists [20, 21] and as a result have been studied intensively, aided by
advanced staining and tagging techniques that allow cells to be identified and
followed during biofilm development, and changes in their physiology identified
[14, 15, 22].

A five-stage process model has been suggested for the development of biofilms
[23]. The stages involved were (i) the initial attachment of cells to the surface, (ii)
irreversible attachment of the cells, (iii) early development of biofilm architecture,
(iv) maturation of biofilm, and (v) the dispersion of single cells from the biofilm.
Attachment of the cells to the surface during the first stages is thought to lead to
physiological changes of the cells and be accompanied by the production of EPS
which functions as a glue, fixing the cells to the surface. The EPS is a hydrogel that
consists mainly of polysaccharides, proteins, and nucleic acids, and gives the
biofilm most of its mechanical strength [24, 25]. After the initial attachment
process the cells divide and form microcolonies. During the maturation process the
cells continue dividing and produce more EPS. At this stage the biofilm can extend
from the surface, building a 3D structure. After maturation, cells may leave the
biofilm to colonize new regions [23].

The structure of the biofilm that is formed changes over time and is determined
by many factors. They include the properties of the surface and the initial distri-
bution of the cells over the surface, the organisms that form the biofilm, the
transcription of their genes, and the interaction between the cells, as well as the
physical and chemical properties of the external environment. Significant
detachment of cells occurs, and also cells from the suspending medium attach
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themselves to the biofilm. The interplay between all these factors is complex, and
comparable to developmental processes seen in multicellular organisms [26, 27].

Comparison of different biofilms formed by different organisms and strains
typically shows that many, if not the majority of, biofilms are very simple struc-
tures, either flat and featureless, or consisting of simple aggregates [17]. Such
biofilms can be envisaged to have been formed by random growth processes or
simple chaotic aggregation processes [1, 28]. However, even in such simple sys-
tems different microenvironments can be found. The presence of EPS limits
convective mass transfer of nutrients from the medium to the cells or of metabolic
substrates, products, and intermediates, so that diffusion is the only mechanism for
transferring nutrients and chemicals in a biofilm [22, 29]. This leads to chemical
gradients and niches in the biofilm that are rather more suitable for one cell type
than for another. A typical example is the fact that cells at the surface of a biofilm
have direct access to the fresh medium, whereas those deeper in the biofilm or
aggregate do not. As a consequence, cells may grow better in one place or change
position and move to that region where they can find better environmental con-
ditions if given the opportunity. Because environment and cell metabolism are
strongly linked to each other the cells will adapt to their new microenvironment by
altering their metabolic activities, which in turn affects the chemical gradients
[30]. These simple mechanisms will result in a heterogeneous distribution of cells
and species, on top of the biological heterogeneity that already exists in the biofilm
due to genetic variation and stochastic gene expression [22, 30].

More complex structures such as pillars and mushroom shapes can be formed
by certain organisms only under certain environmental conditions. For example,
Pseudomonas aeruginosa makes featureless biofilms when grown under low-flow
conditions in succinate, but mushroom shapes when grown in 1 % tryptic soy
broth [16]. To form such mushroom shapes and other complex structures the
bacteria must cooperate to build the structure, and also differentiate to form the
stalk and the head of the mushroom. The existence of social behavior in what are
essentially individual units, and the decision processes involved in selfish versus
altruistic behavior in itself is a fascinating area of research [31, 32]. One of the
mechanisms by which microorganisms coordinate their action is the quorum
sensing (QS) system [33-37]. Quorum sensing involves the production of extra-
cellular chemical signals by the cells that act on the cells themselves and their
neighbors if they have suitable receptors. If the local concentration of communi-
cation molecules reaches a critical concentration, gene expression in the cells is
altered in the receptive cells, enabling all cells experiencing the same concentra-
tion to coordinate their gene expression and subsequent action.

A variety of QS systems has been found, but in Pseudomonas aeruginosa and
other proteobacteria it has been found to involve mainly acylhomoserine lactones
(AHL). Two AHL-based signaling systems are thought to be in P. aeruginosa,
controlling 4-6 % of the P. aeruginosa genes. They in particular affect rhamn-
olipid production, which is involved in keeping the waterchannels between
structures open, and EPS production [36]. What actually constitutes a “quorum” in
the context of a biofilm and what its purpose is has been the subject of some debate
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Fig. 1 Accumulation of QS molecules in particles of different sizes. In larger structures higher
QS molecule concentrations will be reached

[37, 38]. Because of the high cell density and the tendency for products to
accumulate, biofilms are particular suited for signaling through QS. Accumulation
will depend on the thickness of the biofilm and the structures that form it (see also
Fig. 1) in addition to any reactions or absorption processes that occur which
may remove QS molecules from the pool, as well as the structures surrounding
QS-producing cells [35].

The social behavior of P. aeruginosa and other biofilm-forming bacteria allows
them to thrive in a variety of environmental conditions by changing the biofilm
structure according to external conditions. Structure formation is highly affected
by the carbon source and concentration [16, 39, 40]; structuring the biofilm can
increase the surface area, making it easier for the exchange of nutrients and cells
with the medium during carbon limitation [40].

Strong interactions have been demonstrated between surface motility, QS, and
the formation of structures in biofilms [16]. For example, the mushroom structures
in P. auruginosa have been shown to be formed by nonmotile cells forming the
stalks, and motile cells forming the head. Surface structures such as pili and
flagella play an important role in cell surface motility. The interplay between
motility and QS may arguably also explain why microorganisms that form com-
plex structures through a coordinated QS response are so successful. Such
microorganisms can not only more effectively respond to fluctuating environ-
mental conditions by changing the biofilm structure, but they also would spread
more easily and compete more effectively with other organisms by overwhelming
competitors through coordinated actions and movements.

Hydrodynamic conditions in the system in which the biofilm is formed also
strongly affect structure formation in biofilms [23, 41, 42]. Under dynamic flow
conditions the biofilms formed are often flat and compact, without rising structures
[43]. Too high a flow rate can lead to patchy biofilms. With the right balance,
smooth and stable biofilms can be obtained. Kwon et al. [44] have argued that the
balance of detachment forces and biofilm surface loading is needed. When
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detachment forces are relatively high only a patchy biofilm will develop, whereas at
low detachment forces the biofilm becomes highly heterogeneous with many pores
and protuberances to increase the transfer of substrate (and removal of products).
QS may play a role in this, as flow has been shown to affect mass transfer of the
molecules involved in QS, influencing the onset of the QS response [45].

2.1 Biofilm Architecture and Resistance

Cells in biofilms are much more resistant than planktonic cells to challenges such
as toxic chemicals and antibiotics. There are many reasons for this [46], and we
only discuss a limited number. One of these reasons is that it may be more difficult
for toxic chemicals to penetrate the biofilm. For example, large amounts of EPS
are present in the biofilms. The presence of EPS in biofilms causes transport within
the biofilms to be primarily through diffusion, which is a much slower transport
process than convective transport. However, unless the molecules are very large
and get enmeshed in the chains of macromolecules forming the gel, or actually
bind to the macromolecules, the diffusion rates of compounds within the EPS will
be similar in magnitude as in pure water. Cells can form a barrier, but only if
present in very high densities. Thus, the formation of a biofilm by cells will retard
the penetration of cytotoxic compounds, but not prevent it. Other mechanisms will
have to play a role as well.

One mechanism by which biofilms may be more resistant is through the
presence within the biofilm of persister cells [47]. One feature of biofilms is the
large variety of the microenvironments that are available for the cells. Some of
these will be better for the cells, and some worse. Adverse conditions will cause
some of the cells to have lower activities. Also some may switch on defense
mechanisms that enable them to survive adverse conditions. Often these involve
dormant or similar states that again make the cells switch to a state of no or very
low activity, and take on forms that are more resistant (thicker cell walls, etc.). If a
biofilm is challenged by a toxic compound or an antibiotic, active cells will be
killed, but the cells that have a more resistant physiology or are inactive will be
able sit out the environmental challenge.

Another mechanism by which biofilms may be more resistant to environmental
stresses is simply through strength in numbers. For example, a single planktonic
cell may contain catalase to destroy hydrogen peroxide, but if challenged the
degradation capability of the single cell will simply not be enough, and the cell
will be overwhelmed [48]. If the cells, however, are assembled in a biofilm or
aggregate then the amount of catalase available in an individual cell may be small,
but the total amount may be sufficient to degrade the H,O, before it kills all the
cells.

Many biofilms contain many different organisms with different metabolic
activities. The metabolic activities of some of the cells in a consortium may help in
protecting the others, such as the preceding example of cells with catalase; the
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presence of catalase producers will protect noncatalase-producing cells from
H,O,. Similar effects have been repeatedly reported, for example, protection of
anaerobes by aerobes from oxygen [49], of strains sensitive to Hg ions by Hg-
reducing strains [50], and of pentachlorophenol-sensitive cells by pentachloro-
phenol-degrading strains [51].

2.2 Biofilm Architecture and Metabolism

There are many advantages from a metabolic point of view of being in a biofilm.
These include the proximity of the substrate if the substrate is a solid; proximity of
other organisms, making it possible to obtain high concentrations of any enzymes
that are used to dissolve the substrate; direct and fast exchange of metabolites
between cells; the ability to use an extended range of concentrations of nutrients;
the ability to destroy inhibitors, and the ability to keep the concentration of
intermediate products at low concentrations, and thereby allow reactions to pro-
ceed despite unfavorable thermodynamic conditions.

The metabolic efficiency that is achieved in natural biofilms formed by
microorganisms is the result of the cells employing physiological cooperation
comparable to that in the tissues of multicellular organisms [26, 52]. Microor-
ganisms, however, can grow under a larger range of environmental conditions
(higher temperature, anoxic conditions etc.) than multicellular higher organisms.
The metabolic potential of microorganisms is also much higher, being able to
consume a much larger range of substrates.

Syntrophic degradation allows consortia to utilize a much larger range of
nutrient sources than species on their own, including minerals and recalcitrant
organic materials such as organochlorides and lignocellulosic substrates [53, 54].
The ability of natural consortia can be augmented by the addition of species
introducing new metabolic capabilities. For example, anaerobic granules can be
augmented by adding Desulfitobacterium frappieri that can degrade pentachloro-
phenol [51], thus protecting the biofilm against this toxic compound and
expanding the metabolic capacity of the biofilm.

A typical example of a reaction that can proceed in biofilms that can proceed
despite unfavorable thermodynamics can be found during methanogenesis [55].
During these processes biofilms and aggregates are formed with very well-defined
structures, containing a specific organism in a specific location. Typical examples
are shown in Fig. 2. The order in which the cells are layered is determined by the
order in which the substrate is consumed, which ensures that the outermost cells
have direct access to fresh nutrients from the medium, and the cells in the more
inward layers have access to the products made by the more outward layers.
During methanogenesis the layered structure helps to keep the hydrogen con-
centration low as the intermediate product H, acts as an inhibitor. Channels are
formed in the biofilms/aggregates to aid the removal of gaseous products.
Layered structures are mainly formed at high nutrient concentrations; at lower
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Fig. 2 Structure of spontaneously formed consortia found in wastewater treatment plants.
a Methanogenic aggregates formed at high concentrations of the carbon source. b Clustered
aggregates formed at low concentrations [55, 58]. Spontaneous organization is also common in
films and aggregates formed during (de)nitrification [59]

concentrations a clustered structure is more beneficial as the surface area for
transfer to the clustered cells is increased. Similar effects have been found in
synthetic biofilms. For example, Brenner and Arnold [56] showed a synthetic
biofilm of two strains of E. coli, in which one was self-sufficient but the other was
dependent on lysine or diaminopimelate produced by the other cells. Similarly
(although complicated by the oxygen dependency of the cells) in biofilms of the
syntrophic consortium of Acinetobacter and Pseudomonas fed on benzylalcohol,
in which Pseudomonas fed on the benzoic acid produced by Pseudomonas,
Pseudomonas formed clumps on Acinetobacter [57].

3 Artificial Biofilms

3.1 Construction of Artificial Biofilms with Well-Defined
Architectures

In recent years there has been an increasing interest in the construction of syn-
thetic/artificial biofilms with well-defined architectures. Much of this has been
driven by the emergence and increasing emphasis on synthetic biology, which
aims to design and fabricate biological components and systems that do not
already exist in the natural world, and redesign and fabricate existing bio-
logical systems. The assembly of multicellular systems (biofilms) from smaller
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Fig. 3 Example of a system with a well-defined architecture that could be built to enhance
bioproduction. The cells in the outer layer have the ability to remove a chemical that is harmful to
the cells in the core

components (microbial cells) falls under this topic. Proposed possible applications
have been wide, ranging from bioprocessing, including biocatalysis for the pro-
duction of biopharmaceuticals and fine chemicals and bioremediation [12, 14],
biofuel production [54], mineral processing [53], and electricity generation [60] to
information processing/biological computing [61]. Other proposed applications
have included enhanced crop production [62], and the culture of currently un-
culturable microorganisms [63].

Most proposed applications of biofilms have been related to bioprocessing, and
used consortia. However, the greatest majority of current bioprocesses are based
on the use of a single clone, in submerged culture, and not consortia. Apart from
the water industries, where extensive use is made of (ill-defined) consortia for
water purification and wastewater treatment, the use of consortia is rare, and
synthetic consortia even rarer, although some have been reported [13].

Figure 3 shows an example of a synthetic biofilm (floc) with an artificial
architecture that could be built for enhanced bioproduction. The cells in the outer
layer could, for example, be species that degrade toxins to which the cell in the
center is sensitive. In a similar way, layered biofilms could be constructed with
microbes in the periphery that remove oxygen before it reaches oxygen-sensitive
obligate anaerobes in deeper layers. Also, syntrophic consortia could be built in
which different microbes perform different steps in a production process. It is
important to make sure that the cells in the biofilm consortia cooperate to mutual
benefit, and do not compete. This will be difficult, as microbes tend not to
cooperate, but instead to compete [64]. As discussed by Zuroff and Curtis [54], it is
also important to minimize the number of steps in a process to the minimum, as
additional steps become energetically more difficult to perform.
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Various methods have or could be used to construct synthetic biofilms.
Approaches for the construction of synthetic biofilms can arguably be divided into
(a) self-assembly and (b) directed assembly.

Self-assembly of biofilms makes use of genetic algorithms already in the cells,
or genetic algorithms introduced into the cells by genetic engineering. Examples of
the use of already existing algorithms could include the self-organization of wild-
type microorganisms into patterns under specific environmental conditions that do
not occur in nature, or the formation of structured biofilms by microorganisms that
do not normally occur together. Control over the architecture of such biofilms is
currently very difficult because of the limited knowledge we have about the
mechanisms that lead to pattern formation; also it will be very species- or even
strain-specific. A number of recent papers have described the self-assembly of
microorganisms in patterns after their genetic manipulation, often of QS systems
[56, 61, 65-67] and their removal [68]. Currently these experiments are still
mainly in the proof-of-principle stage and often aimed at the development and
validation of models of biological computing, but the results are very promising.

In directed assembly the cells are directed to predefined locations. Immobili-
zation of the cells is an essential part of the process, and the viability of the cells
has to be maintained. The propelling force moving the cells can either be bio-
logical and come from the cells themselves, or be chemical or physical and be
external.

Examples of biological forms of directed assembly include the use of chemo- or
galvanotaxis to attract cells to certain regions. This method will be very species- or
even strain-dependent, as not all cells will show this kind of behavior.

More generally applicable, as they can be used for most cell types, are physical
or chemical methods of biofilm assembly. The simplest way to construct a biofilm
involves directing a flow of cells at a membrane or a substrate surface [1, 14]. The
biofilm thickness can be controlled by controlling the number of cells collected;
the cells still need to be immobilized afterwards, either by the introduction of
immobilizing agents or allowing the cells to produce EPS and attach themselves.
For example, Stubblefield et al. [69] used a flow chamber in which the biofilm
growth on a substrate was obtained by recirculating a well-defined cell suspension
through this chamber until the biofilm was developed. By inserting sequentially
additional types of microorganisms different horizontal layers could be achieved.
The thickness and layering of biofilms can be controlled and the viability of cells is
very high, but the secretion of the EPS and the biofilm development require a long
time. To overcome this, Flickinger et al. [70] used nanoporous latex coatings to
build artificial biofilms layer by layer. It was claimed the (initial) thickness of the
biofilm and the composition of its layers could be well controlled. Tsoligkas et al.
[71] described the use of spincoating to create engineered biofilms of E. coli. The
adhesive strength of the engineered biofilm was reported to be much higher than
that of naturally formed biofilms.

The previously described examples showed methods that can be used to obtain
artificial biofilms, but apart from layering, the methods provide little control over
the patterning at microscale. Other methods are needed to achieve this. One
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approach to pattern microbes at microscale is to modify the substrate surface to
facilitate cell attachment at specific areas [41, 72]. The cells can initially be
distributed randomly but they will be able to fix only to certain positions on the
surface. An example is the work by Zhao et al. [41] who demonstrated successful
surface modification by the creation of adhesive and nonadhesive areas using
scanning probe lithography and the soft lithography technique of microcontact
printing patterns (LCP) of self-assembled monolayers. A disadvantage of this
method is that once the available surface has been fully occupied by cells no
further cells can be attached to that surface. The initial cell layer is therefore
necessarily only one cell thick, and increased thickness can only be achieved by
growing the cells or adding other cells through other methods.

Another approach is to suspend cells in a photosensitive gel precursor solution,
and then confine light to specific areas/volumes in the gel, for example, through a
mask [73]. Gel, and hence biofilm, will only be formed in those areas exposed to
light. By repeatedly introducing different cell types and using different masks, or
moving the existing mask, different cells can be immobilized in different areas.

A complementary approach to these techniques involves making sure there is a
nonrandom distribution of cells, and then fixing them. Several approaches could be
used, including the use of flow-based methods (e.g., microchannels, inkjets) and
physical forces.

The use of inkjets for assembling synthetic biofilms is probably one of the best
methods for constructing artificial biofilms with well-defined patterns of cells [72,
74, 75]. The method can achieve high-resolution patterns of different cell types in
3 dimensions while maintaining cell viability. A gel matrix is usually included to
immobilize the cells.

Examples of other flow-based methods for constructing biofilms include the use
of soft lithographic techniques to create PDMS rubber stamps to create micro-
fluidic channels on a surface to introduce cells locally. Once the cells have been
immobilized, for example, in a gel, the stamp can be removed and other cells
introduced [76].

Another interesting method that has recently been described [77] for the con-
struction of artificial biofilms with well-defined patterns of cells is based on the use
of two aqueous phase systems. The method involves dispersing cells in one of the
phases, and making a pattern of droplets on a surface that is submerged in the other
phase using a pipette. Nutrients can still diffuse across the interface of the two
phases, enabling the cells to self-immobilize and form a biofilm without the use of
additional immobilizing agents.

A 7-barrelled micropipette was recently used to extrude a tubular synthetic
biofilm with an outer layer containing a microorganism (Ralstonia metallidurans)
that could reduce Hg(Il), shielding a Hg(II)-sensitive species (Sphingobium
chlorophenolicum) that could degrade pentachlorophenol in the core. No chloro-
phenol degradation was obtained if the cells were simply mixed and there was no
spatial structure, proving that the shell-core structure was essential for the pro-
tective effect to occur.
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Physical forces that can be used to pattern cells and construct synthetic biofilms
include ultrasound and optical and electrical forces [27].

Ultrasound can be used to trap single cells and manipulate their position on a
surface [78] or many cells simultaneously [79-81] by producing patterns of
interfering standing waves. Manipulation with ultrasound can be done directly in
the growth medium. Ultrasound has a relatively long working distance. It could be
used to make patterned biofilms, but its resolution is usually quite poor (typically
tens of microns), small particles such as bacteria are difficult to handle, and only
relatively simple patterns can be achieved (lines, spots in square or hexagonal
patterns, etc.).

A broader range of manipulation options can be achieved with optical tweezers.
Optical tweezers use the gradient in optical density near a focal point in a laser
beam to induce a force in a particle (e.g., a cell) to trap it. The cell will follow
movement of the focal point in any dimension. Typically near-infrared (NIR)
beams are used to reduce heating of the particles. The method allows orientation of
cells and works well in most growth media, and its resolution is very good
(submicron). The magnitude of the force depends on laser power. The work of
Haruff et al. [82], who could create multiple laser beams by splitting up one laser
beam to create various constellations of the laser spots is interesting. Utilizing this,
several cells can be handled simultaneously. This allows the user of the laser beam
to place many cells simultaneously at defined points on a substrate.

Most interesting for the construction of biofilms with well-defined architec-
tures, and relatively well-established, are techniques based on the use of electric
fields. Both direct current (DC) [83] and alternating current (AC) techniques [35,
84-88] are proven technologies for the construction of artificial biofilms. Most
advanced among the different ways to pattern cells with electric fields is an AC
technique called dielectrophoresis (DEP). The term dielectrophoresis describes the
movement of polarizable particles exposed to a nonuniform electric field. If the
particle (e.g., a cell) is more polarizable than the surrounding medium, then a
positive force is exerted on the particle and moves it to regions with higher field
strengths; if the opposite is true it moves away from high field regions. Medium
polarizability can be changed by the conductivity of the medium and therefore by
removing or adding salt the dielectrophoretic behavior of the cells can be altered.
This, however, leads to a need to keep the medium conductivity within certain
limits, which are usually much lower than that in growth medium. The polariz-
ability of cells is highly frequency-dependent, and the choice of the right fre-
quency is important. For example, to attract cells to high electric field regions by
positive DEP it is best not to stray too far from a frequency of 1 MHz.

Quite high electric field strengths on the order of 2 x 107 V/m are needed to
induce DEP, and for most experiments microelectrodes and voltages of 0-20 V
peak-to-peak are used to generate the electric field strengths needed. This limits
the range over which DEP forces can be generated to a few tens of microns, a few
100 microns max. The distribution of the areas of highest and lowest electric field
strength in a given electrode geometry are easily predicted, and cells can be
reliably deposited by DEP in well-defined areas in a microelectrode array. The
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Fig. 4 Synthetic biofilms made with AC electric fields. a Aggregates of E. coli cells formed with
DEP at interdigitated alternately castellated electrodes giving a W-pattern between the
microelectrodes. b Schizosaccharomyces pombe cells aligned by an electric field

electric field extends in three dimensions, and by changing the electrode size and
shape, the size and shape of the aggregates can be changed. Also, by activating the
electrodes in various sequences different cell types can be placed beside or in
layers on top of each other [27, 35, 63, 84, 87]. By controlling the voltage,
concentration, and timing it is possible to control the thickness of the cell depo-
sition. The construction of biofilms over large areas is possible [88]. Orientation of
the cells is possible [85]; also see Fig. 4.

3.2 What Happens with the Architecture of Synthetic Biofilms
over Time?

After a synthetic biofilm has been created one has limited control over what
happens with the architecture that has been built. The cells forming the biofilm are
living organisms and thus will grow, replicate, and die; they may also move, and
produce or degrade EPS [22]. All this will affect the architecture that was built.
What actually happens depends on many factors, including the method by which it
was formed and its composition.

In biofilms that self-assemble into a specific spatial structure this circumstance
is less of an issue. However, even then biofilm architecture may change, and
different architectures may be formed over time. For example, in the synthetic
biofilm described by Brenner and Arnold [56] in which two interdependent yellow
and blue E. coli strains together formed a biofilm, in the early stages of biofilm
formation the yellow strain was dispersed inside the other (blue) strain. As the
biofilm matured a layered structure was formed with the yellow strain covering the
blue strain. Similar results have been seen in synthetic biofilms of Acinetobacter
and Pseudomonas [57].

In biofilms in which the biofilm architecture has not been formed by self-
organization of the cells, but instead has been assembled from component parts,
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Fig. 5 a Synthetic aggregates of Pseudomonas putida and Acinetobacter made with DEP
(Acinetobacter on top of Pseudomonas). Aggregate size is approx 30 x 50 microns. b Fluorescent
image of the aggregates in a medium with benzylalcohol. Pseudomonas was genetically modified
to produce GFP in the presence of benzoate, and the fluorescence observed therefore indicated
that the cells interacted. ¢ Effect of layering on aggregate stability. An aggregate with
Pseudomonas on top of Acinetobacter as shown on the right was unstable, and the layering
reversed to a structure as shown on the left [86, 89]

remodeling of the biofilm structure after it has been formed will most likely be
common. It is also important to get the architecture right in the first place. For
example, in synthetic syntrophic biofilms of Acinetobacter and Pseudomonas
made with DEP, as shown in Fig. 5, if the cells are grown on benzylalcohol and
Acinetobacter is deposited on top of Pseudomonas, then this layered structure
remains unaltered. If Pseudomonas is deposited on top of Acinetobacter, then the
bacteria swap places [86]. This swap occurs because Acinetobacter wants to be in
the top layer near the medium, which is high in its carbon source benzylalcohol,
whereas Pseudomonas wants to be in the lower layer where the benzoate produced
by Acinetobacter accumulates [86, 89].

It has been suggested that making the bacteria dependent on each other can help
in stabilizing a consortium [90, 91]. For example, by combining auxotrophs
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symbiotic and beneficial interactions between species could be induced. However,
making the bacteria interdependent does not necessarily guarantee they will not
compete with and kill each other. A synthetic community of the soil bacteria
Azotobacter vinelandii, Bacillus licheniformis, and Paenobacillus curdlanolytica,
designed [92] to survive under nutrient-limited conditions by reciprocal syntrophy
(i.e., unable to live without each other), was unable to live together if put together
in the same culture well. If spatially separated in separate microwells, but still able
to communicate and exchange nutrients and signals, the cells thrived. An optimum
distance between the wells was found to be around 600 micron. The fact that
spatially separating cells enables them to coexist may explain why in soil and other
natural systems many bacteria live in spatially separated colonies. However, this is
not only interesting from an academic point of view, but may also be of practical
value, as it may be helpful to use the topography of surfaces [93] and the
microstructure of (porous) materials to minimize competitive interaction to enable
microbes in microbial communities to coexist. In fact, cooperation between
microorganisms may well be quite rare, as competition and not cooperation
dominates interaction between microbial species. Even within different by other-
wise highly similar E. coli strains designed to cross-feed essential metabolites,
cooperative effects were in the minority [91].

As changes in biofilm architecture are more likely to occur in biofilms made by
directed assembly the question of why one would do it in the first place needs to be
asked. The answer is that direct assembly of biofilms has many advantages. There
is more control over the initial composition of the biofilm; its architecture and the
strength of adhesion of the biofilm to the surface is often much higher than that of
naturally formed biofilm, which often is very loose and suffers from sloughing.
Another important reason is that the range of organisms that could be used in
synthetic biofilms is very large. It would be infeasible to rely solely on self-
assembly of biofilms, as these methods are often highly species- or even strain-
specific, and are strongly influenced by external factors. Genetic modification of
some species is currently not possible, and mutations and gene transfer can alter
the genetic traits of the cells. Even if genetic modification is successful, fine-tuning
the many interactions between multiple cell types will be difficult [56]. In contrast,
most of the methods employed for directly assembling biofilms from their com-
ponents are universal, and can be used with any cell type. Even if changes happen
in the assembled biofilm the timescale of the changes may be long enough for the
system to perform its designed function.

4 Outlook

Biofilm architecture is a fascinating subject on its own, of relevance in many
systems, and the ability to control it could have many practical applications.
Effectively controlling biofilm architecture will undoubtedly be difficult. The
challenges presented by engineering biofilms from a synthetic biology point of
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view have been discussed by Brenner et al. [65]. Halan et al. [14] and Rosche et al.
[12] concentrate on the challenges related to bioprocessing. They argue that more
effort is needed in the bioengineering and biotechnology of biofilms to develop
feasible strategies for scale-up and bioprocess control. The proposal by Rosche
et al. [12] to develop a series of well-characterized biofilm-forming strains as a
toolbox for biocatalyst engineering is a sensible one.

As discussed previously [27], the multicellular behavior of the cells and the
problems encountered during the (directed) assembly of synthetic biofilms are very
similar to those in (human) tissue engineering, and cross-fertilization of the two
subjects could be of considerable benefit [27, 94]. Synthetic biology is still in its
infancy, and to some extent has different aims from the bioprocessing industries
[95], focusing more on fundamental biological research facilitated by the use of
synthetic DNA and genetic engineering. The difference between treating biogical
agents as units whose behavior is predictable on the basis of computation and
electronic circuitry [61, 65, 66] and the messy world of biological manufacturing is
still large. However, if one were to get it right, the potential rewards are large.
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Engineered Cell-Cell Communication
and Its Applications

Stephen Payne and Lingchong You

Abstract Over the past several decades, biologists have become more apprecia-
tive of the fundamental role of intercellular communication in natural systems
spanning prokaryotic biofilms to eukaryotic developmental systems and neuro-
logical networks. From an engineering perspective, the use of cell-cell commu-
nication provides an opportunity to engineer more complex and robust functions
using cellular components. Indeed, this strategy has been adopted in synthetic
biology in the creation of diverse gene circuits that program spatiotemporal
dynamics in one or multiple populations. Gene circuits such as these may offer
insights regarding basic biological questions and motifs or serve as a basis for
novel applications.
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1 Introduction

One of the most defining achievements throughout evolutionary history was the
advent of the ability of cells to communicate with one another. The obvious
importance of this breakthrough was the ability of multicellular organisms to arise,
with cells coordinating with one another to better survive in their respective
environments [1]. Cell-cell communication then allowed for certain cells to
become specialized, thus allowing for a division of labor within a multicellular
organism [2]. Eventually, this specialization gave rise to different systems (i.e.,
respiratory, nervous, etc.), each with its own sophisticated cell-cell communica-
tion networks [3].

Until recently, most prokaryotic organisms were thought to exist alone as
individuals. However, studies over the past four decades have increasingly rec-
ognized the importance of cell-cell communication among these species. This
communication is responsible for coordinating integral population-level behaviors,
including biofilm formation, competence development, expression of virulence
factors, sporulation, and production of bioluminescence [4]. Each of these
behaviors is inefficient when only a small number of cells are present, yet can be
beneficial on the population level [4]. Therefore, cell-cell communication is not
only integral to the proper functioning of multicellular organisms but also to
unicellular organisms, which often perish or prosper as part of a larger population.

In synthetic biology, cell-cell communication has also been recognized as an
effective strategy to achieve robust system dynamics in engineered cell populations.
This recognition has led to a gradual shift from a cell-centric perspective to a
population-centric perspective. In early work in the synthetic biology field, devices
such as switches, oscillators, timers, and logic gates were mostly constructed to
operate at the single-cell level [5-8]. Recently, increasing emphasis has been placed
on the use of cell-cell communication modules to coordinate population-level
behavior in synthetic biological systems [9-13]. There are two reasons for this shift
from unicellular to multicellular programming. First, because of the broad-ranging
importance of cell-cell communication in diverse natural biological systems,
synthetic biologists can use engineered, communication-based systems to explore
basic biological questions. By bypassing natural systems, which are often con-
founded with interconnected gene networks, complex environmental interactions,
and interspecies relationships, engineered systems may serve as better-defined
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Fig. 1 a Diagram of a generic QS system. A receptor gene (R) and a synthase gene (S) encode
proteins R and S. Protein R is a receptor protein, which becomes activated upon binding the QS
signal. The QS signal is synthesized by protein S (a synthase). Only when enough signal has
accumulated in culture is enough R protein bound to the QS signal to activate the QS-regulated
(blue) promoter sufficiently. When induced, this promoter activates transcription of a downstream
target gene. b Logic of the synthetic predator—prey system. The predator kills the prey by
inducing the toxin protein CcdB in the prey via the QS signal 30C12HSL. The prey rescues the
predator by inducing the antitoxin protein CcdA via the QS signal 30C6HSL. CcdA rescues the
predator from constitutively expressed CcdB [18]. ¢ The interaction and segregation length scales
(I and S, respectively) determine the impact of cell motility on biodiversity in the predator—prey
system. If the length scale of the interaction (QS signaling) between predator and prey is large
relative to the segregation distance (left) or vice versa (right), the impact of cell motility on
biodiversity is low. However, if the length scales of the interaction and the segregation distance
are comparable, the impact of cell motility on biodiversity is high (center) [19]. d Logic of the
synthetic mutualism system. One strain lacks the ability to produce adenine but overproduces
lysine (left), whereas the other lacks the ability to produce lysine but overproduces adenine
(right). The populations survive best in coculture, thus mimicking a mutualistic relationship [20].
e Simpson’s Paradox. This phenomenon occurs when the proportion of producers (blue fraction)
in the global population increases (left), while the proportion of producers decreases in each of
the subpopulations (right). Chuang et al. were able to implement such a scenario in a synthetic,
QS-based system and quantitatively characterize this evolutionary phenomenon [24]. f QS as a
strategy for optimizing population growth. Pai et al. constructed a system whereby public goods
were secreted throughout a population. Production and secretion of the public goods incurred a
metabolic cost to producer cells. For certain conditions, QS-regulated production of public goods
(green curve) was found to be the best growth strategy when compared to constitutive
(blue curve) and no (red curve) production [25]
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models to address certain biological questions regarding ecosystem interactions,
evolutionary processes, and pattern formation. Second, programming cellular
behavior on a population level can be more robust and efficient from an engineering
perspective. To this end, the use of cell-cell communication may be critical in
generating systems for robust pattern formation, biocomputing, and bioprocessing.

In this review, we first discuss a predominant method of cell-cell communi-
cation, quorum sensing (QS), which is the basis for numerous communication
modules utilized in the field of synthetic biology. We then discuss recent synthetic
biology studies that use engineered, communication-based circuits to address basic
biological questions. This leads into a description of recent advances in engi-
neering robust biological devices using cell-cell communication. Finally, we
discuss examples of novel engineered cell-cell communication modules, which
may be the basis for future synthetic biological systems.

2 Quorum Sensing

Quorum sensing has been identified in a large variety of both Gram-positive and
Gram-negative bacteria [14-16]. In a QS system, bacteria synthesize a chemical
signal that diffuses inside and outside the cell. As a bacterial population grows, the
concentration of signal in the environment increases as more bacteria contribute to
the synthesis of the chemical signal. At a sufficiently high bacterial density, or
when the population reaches a “quorum”, the signal concentration reaches a
threshold necessary to activate a signal cascade, leading to downstream gene
expression. Fundamental to this process is that the threshold concentration is
reached at the same time for all cells within a local population, and thus activation
of downstream gene expression is coordinated across that local population
(Fig. 1a).

A canonical QS system is the LuxR/LuxI system from Vibrio fischeri [17]. In
this system, LuxI synthesizes a small molecule acyl-homoserine lactone (AHL),
which acts as the diffusible signal discussed above. At a sufficiently high cell
density, intracellular AHL can reach a high enough concentration that it binds to
and activates the LuxR protein, which in turn activates downstream genes [17].
Many LuxR/LuxI-type QS systems have been identified in numerous bacterial
species; they control a highly diverse set of genes, such as those critical for
bioluminescence, biofilm formation, and virulence development [17].

3 Using Engineered Cell-Cell Communication to Understand
Natural Biological Phenomena

Although most synthetic biological systems have been implemented as novel
engineered devices, they have also been used to explore basic biological questions.
Here, we focus on two major subjects explored using synthetic, communication-
based systems: ecology and evolution.
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3.1 Ecology

Ecologists have long been interested in the dynamics of predator—prey relation-
ships. Balagadde et al. engineered a predator—prey gene circuit, which allows for
two-way communication between two strains of Escherichia coli [18]. As shown
in Fig. 1b, the system consists of a predator strain and a prey strain. Upon circuit
induction, the predator expresses Lasl, which synthesizes an AHL, 30C12HSL;
the prey expresses LuxI, which synthesizes another AHL, 30C6HSL. Each strain
produces the appropriate receptor protein (LasR and LuxR) corresponding to the
AHL secreted from the other. 30C12HSL from the predator induces downstream
expression of a toxin protein, CcdB, in the prey, thereby killing it. 30C6HSL from
the prey induces downstream expression of an antitoxin protein, CcdA, in the
predator, which rescues it from constitutively expressed CcdB [18]. Therefore, the
prey is killed by the predator, and the predator is rescued by the prey (Fig. 1b),
thus implementing the basic logic of the prototypical predator—prey relationship.

By studying the system in a microfluidic device, Balagadde et al. demonstrated
complex predator—prey dynamics, including extinction, coexistence, and oscilla-
tions. Guided by modeling, the authors also examined how these dynamics would
respond to experimental perturbations to specific system parameters [18]. Song
et al. extended this study and used the engineered ecosystem as a model to
examine the factors affecting biodiversity (as measured by relative abundance) in a
solid-phase environment. The authors found that biodiversity would be sensitive to
changes in cell motility if the segregation distance between the two populations
were comparable to the length scale of AHL diffusion. In such a case, biodiversity
would be inversely correlated with cell motility. If the AHL diffusion length scale
is much greater than the segregation distance or vice versa, changes in cell motility
do not significantly influence the system’s biodiversity (Fig. 1c) [19]. In both
studies, the system represented a simple, well-defined, yet nontrivial model system
by which investigators could confine their analyses of the predator—prey interac-
tion to a few well-defined parameters, bypassing natural systems that are con-
founded by other species interactions, environmental variation, and the like. This
approach allowed the authors to ask specific questions regarding the nature of a
basic predator—prey relationship and answer those questions by precise experi-
mentation guided by mathematical modeling.

In this manner, Shou et al. examined the dynamics of a synthetic ecosystem in
which two strains of Saccharomyces cerevisiae mimic a mutualistic relationship
through the cooperative production of two essential metabolites (lysine and ade-
nine). One strain overproduces lysine and lacks the gene necessary to produce
adenine, whereas the other strain overproduces adenine and lacks the gene nec-
essary to produce lysine (Fig. 1d). Both strains in monoculture will die because
they lack either adenine or lysine. When grown in coculture, however, the strains
can grow well because each strain supplies the other with a missing essential
metabolite. By combining modeling with an experimental approach, the
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investigators demonstrated that the total initial cell number and the initial ratio
between the two strains were critical determinants of viability in the system [20].

Using a similar strategy, Hu et al. created a mutualistic system consisting of two
engineered Escherichia coli strains that use two-way QS communication systems
to induce expression of antibiotic resistance genes in bacteria. In this system, the
authors used an inducible promoter, P, to control the quorum-sensing genes
LuxR, RhIR, and Rhl1I and another inducible promoter, P,., to control the other
quorum-sensing gene LuxI. One strain (ER) expressed LuxI and RhIR, and the
other strain (EG) expressed LuxR and Rh1l. ER also contained the promoter Prh1
upstream of a kanamycin-resistance gene, whereas EG contained the promoter
luxPR upstream of an ampicillin-resistance gene. When the system was induced,
they, too, were able to model successfully the key factors influencing the ability of
the coculture to survive under a variety of experimental conditions [21]. As with
the previous study, this system was used to identify the driving forces of different
dynamical behaviors possible in a mutualistic system.

Similar to the synthetic predator—prey system, the spatial population structure
has been found to be an important determinant influencing the dynamics of
engineered mutualistic ecosystems. By studying a synthetic community of three
different bacterial species in a microfluidic device, Kim et al. demonstrated that
spatial barriers between the bacterial species are necessary and sufficient for stable
coexistence of the populations [22]. Similarly, Brenner and Arnold illustrated this
same concept within a biofilm formed by a synthetic consortium of two engineered
E. coli strains that communicate via QS. In the biofilm, the two populations formed
defined layered structures of population aggregates, which enhanced the consor-
tium’s ability to survive [23].

3.2 Evolution

Simpson’s paradox is an apparently paradoxical phenomenon by which two sub-
populations evolve in many segmented cocultures. In these cocultures, one sub-
population (the producers) produces a public good that benefits the entire
population, and another subpopulation (the nonproducers) does not produce any-
thing but reaps the benefits from the producers. Given the appropriate parameters,
the proportion of producers in each segmented coculture can decrease over time,
whereas the overall proportion of producers in the total population can increase
(Fig. le).

To better understand this phenomenon, Chuang et al. built a system of two
engineered E. coli strains, which both contain a gene encoding antibiotic resistance
downstream of a promoter sensitive to QS signaling. One strain (the producer)
expresses the QS signal, and the other (the nonproducer) does not. Thus, the
producer alone bears the metabolic burden of producing the QS signal, yet both
strains benefit from the producers’ QS signal, which allows them to resist the
antibiotic in the medium [24]. Using this system, the investigators were able to
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observe Simpson’s paradox in action. Furthermore, by studying this system in a
well-controlled environment without conflicting interactions, they were able
quantitatively to characterize the phenomenon with limited confounding factors.

A synthetic system has also been utilized to determine whether QS is an optimal
strategy for regulating the production of public good exoproducts. Pai et al.
recently constructed a gene circuit that produces a secreted form of beta-lactamase
that confers resistance to 6-aminopenicillanic acid (6-APA) by degrading it in
culture. The investigators studied the circuit under several conditions: (1) pro-
duction of the exoproduct is regulated by the LuxR/LuxI QS module, (2) pro-
duction is regulated by an inducible promoter, and (3) production does not occur.
In this system, the production and secretion of the exoproduct incurs a metabolic
cost to the host cell but, once secreted, the exoproduct benefits the entire popu-
lation. Therefore, it serves as a public good. By quantitative analysis, the authors
identified a set of conditions whereby QS regulation of the public good protein is
the optimal strategy for maximizing cell growth (Fig. 1f). The authors conclude
that the kinetic properties of the QS systems can be tuned to optimize bacterial
survival [25], which confirms an earlier theoretic prediction [26]. This property
may explain how QS systems can be utilized by bacteria to deal with stressful
conditions (i.e., antibiotic exposure).

Waddington’s landscape has long been used as an analogy for phenotypic
diversification within a cell lineage. The analogy invokes the image of a marble
rolling down a landscape with different local minima where the marble will come
to rest. In this analogy, the cell is the marble, and the different low states that the
marble can settle into represent different cell fates. This analogy is often invoked
to visualize how stem cells can differentiate into various tissue types depending on
both intracellular gene expression and external signaling [27]. Using a synthetic
circuit consisting of a QS-driven toggle switch, Sekine et al. demonstrated how
cells diversify autonomously through cell-cell communication. Through experi-
mentation and stochastic modeling, the group was able to confirm the QS-medi-
ated bifurcation of switching from one state to another and found that this
switching was critically dependent on initial cell number. The work’s importance
lies in the fact that, although invoked in a variety of developmental systems, cells
diversifying across Waddington’s landscape had never been directly confirmed
experimentally. Therefore, the group’s synthetic system represents a direct dem-
onstration of Waddington’s landscape in action [27].

4 Applications of Cell-Cell Communication in Pattern
Formation

Synthetic pattern-forming systems, as with synthetic cell-cell communication
systems in general, serve a dual use. First, they reveal minimalistic strategies for
achieving specific natural biological processes. Second, they represent a new
method of engineering structures solely using biological components.
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The importance of pattern formation in nature cannot be understated as it is
ubiquitous throughout the biosphere, driving such varied biological processes as
slime mold aggregation [28, 29], feather branching [30], and tissue stratification
[31, 32]. By implementing pattern formation using synthetic gene circuits,
investigators can extrapolate the key components necessary for pattern formation
in natural systems. This exercise can provide insights as to how these processes
occur in more complex systems. In addition, synthetic pattern-forming systems
could become the basis of next-generation biomaterials, which self-organize into
precise patterns of biological entities (i.e., proteins, metabolites, etc.).

Basu et al. [33] constructed the first synthetic pattern-forming system, which
utilizes a population mixture of sender and receiver cells. Here, sender cells
express LuxI, which synthesizes the AHL 30C6HSL. Receiver cells express the
receptor protein, LuxR. Upon binding 30C6HSL from the sender cells, activated
LuxR stimulates expression of a Lacl mutant and cl, which inhibits expression of
another Lacl protein. Lacl, in turn, inhibits GFP expression. Thus, the receiver
cells contain a gene network constituting an incoherent feedforward loop (Fig. 2a),
where too much or too little AHL results in repression of GFP expression. This
lack of expression occurs at high AHL concentrations because the Lacl mutant
represses GFP expression, and expression is also blocked at low AHL concen-
trations inasmuch as there is not enough cl expressed to inhibit wild-type Lacl
from inhibiting GFP. Thus, the receiver cells constitute a band-detector, which
only express GFP at intermediate AHL concentrations.

On a plate containing an undifferentiated lawn of receiver cells surrounding
sender cells placed at the center, the receiver cells only express GFP in ring
patterns at intermediate radii about the center. This pattern formation occurs
because cells expressing GFP experience intermediate AHL concentrations,
whereas cells closer to the center experience higher AHL concentrations and cells
towards the edge of the plate experience lower AHL concentrations. By combining
receiver gene circuits with varying sensitivities to AHL and different fluorescent
proteins, Basu et al. were able to obtain multiple concentric rings, which consti-
tuted bulls-eye patterns (Fig. 2b). Furthermore, modifying the position(s) of the
sender cells allowed the investigators to achieve more complex patterns. This
system resembles the circuit underlying D. melanogaster blastoderm segmentation
and can lead to the deduction of design principles in natural pattern-forming
systems [33].

Another interesting synthetic system implementing pattern formation involves
direct cell—cell interactions between mammalian cells using the Delta—Notch
signaling pathway [34]. Instead of using QS, this system utilizes contact-based
interactions mediated by surface proteins. Specifically, a gene encoding a Delta—
GFP fusion protein is placed downstream of the Delta—Notch signaling pathway.
The Delta—Notch signaling pathway is activated when a cell surface makes
physical contact with another cell expressing Delta—Notch on the surface. In this
manner, an effective positive-feedback loop driving Delta—GFP fusion protein
expression operates when a cell comes into close physical contact with other cells
in a field (Fig. 2c). When these engineered cells are placed around cells
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Fig. 2 a Circuit diagram for a synthetic sender—receiver system. A sender cell constitutively
expresses LuxI, which synthesizes the AHL 30C6HSL. Receiver cells express LuxR (R), which
binds AHL and activates cI and a mutant Lacl (/). cI inhibits another Lacl (/). Both versions of
Lacl inhibit GFP. Thus, the receiver cell’s gene network can be viewed as an incoherent
feedforward loop, where only midrange concentrations of AHL activate high levels of GFP [33].
b Spatial patterns generated via the circuits in (a). By constructing two versions of the receiver
circuit in (a) with varying sensitivities and different fluorescent proteins (red and green), a lawn
of cells containing two receiver circuits (R/ and R2) can generate concentric circles about a small
population of sender cells (S) at the center of an agar plate [33]. ¢ Delta—Notch synthetic gene
circuit. A Delta—GFP fusion protein is placed downstream of the Delta—Notch pathway. Upon
cell—cell contact mediated by Delta—Notch, the gene circuits constitute a positive feedback loop
[34]. d Circuit in (c) generates signal propagation in a field of cells. Cells containing the gene
circuit are placed in a field surrounding a “trigger” cell (center dark green cell), which
constitutively activates the Delta—Notch pathway. Activation of Delta—GFP is then propagated
from the trigger cells to proximate cells and finally to distant cells over time [34]. e Synthetic
circuit coupling cell density and motility. Activated LuxR induces expression of cI when a high
cell density is detected. cI then inhibits cheZ, which in turn results in low cell motility [36].
f Alternating low and high cell density rings result in a field of expanding cells containing the
circuit in (e). The oscillatory nature of the circuit in (e) gives rise to alternating ring patterns of
low and high cell density [36]

constitutively expressing Delta (“trigger” cells), the system leads to signal prop-
agation of GFP reporter expression in the spatial domain (Fig. 2d). The investi-
gators in the study speculate that the system could be used to investigate the
mechanistic bases for pattern formation in various mammalian developmental
systems. Furthermore, such a system could be used to control differentiation
pathways for tissue engineering applications [34].
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However, a limitation of this mammalian system and Basu et al.’s system is that
the patterns are determined by a predefined location that the trigger or sender cells
occupy. This leads us to an important biological question that scientists have been
pondering since Alan Turing first examined it in the 1950s [35]: how can bio-
logical patterns self-organize without any predetermined spatial configuration or
external stimulus? Liu et al. addressed this question with their own synthetic
circuit that programs self-organized pattern formation by regulating cell motility
using the LuxR/LuxI QS module (Fig. 2e). At high cell densities, the QS module
triggers expression of cl, which inhibits CheZ expression. Repression of CheZ
reduces cell motility. When placed on a soft-agar plate, cells containing this circuit
grew outward from a small initial population at the center and formed concentric
rings of alternating high and low densities (Fig. 2f) [36]. This pattern was the
direct result of an oscillatory dynamic between high and low population states
being translated spatially in the radial direction. Interestingly, the synthetic system
demonstrates how a spatially periodic pattern can be generated without an external
clock, which is thought to be necessary in vertebrate development [36]. In addi-
tion, the system has potential for engineering spatially periodic biomaterials.

Another method for generating precise patterns is to combine synthetic gene
networks with inkjet printing technology. Inkjet printing technology has been used
in several previous studies to print precisely bacterial and mammalian cells onto
surfaces at high resolution [37-39]. In addition, Choi et al. recently applied this
technology to engineered E. coli cells containing synthetic QS components.
Briefly, the investigators examined the spatiotemporal dynamics of precisely
printed microcolonies of cells producing AHL (senders), cells expressing GFP in
response to AHL (receivers), and cells that inhibit GFP expression in response to
AHL (inverse receivers). Interestingly, neighboring microcolonies placed in large
arrays communicated with one another efficiently, giving rise to synchronization of
microcolonies within local spatial regions. Experiments indicated that this com-
munication between cells could be tuned effectively with this framework by
changing microcolony size, spacing distance, printing timing, and cell seeding
number [40]. Thus, the system offers a high-throughput platform for analyzing
cell—cell communication quantitatively. In addition, the precision of inkjet printing
coupled with cell-cell communication could lead to a future generation of high-
resolution spatial patterns.

5 Applications of Cell-Cell Communication in Biocomputation
and Bioengineering

Cell—cell communication modules have also been adopted to construct biological
systems, which perform computations or represent novel engineering feats. In
biocomputing, scientists have long marveled at cells’ capacities for informational
storag e and rapid processing. Likewise, many attributes of biological components
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(a wide array of functions, the potential for adaptability and modularity, etc.) make
synthetic biological systems attractive to engineers. For these reasons, there have
been several recent advances in the areas of biocomputing and bioengineering
using synthetic systems that contain cell-cell communication modules.

5.1 Biocomputation

Logic gates are fundamental components of modern computers, which have been
utilized by computer scientists and electrical engineers for many decades. Thus, it
is not surprising that synthetic biologists hoping to make cells compute have
primarily concentrated on developing diverse biological logic gates. A large
amount of progress in this area has occurred over the last several years, culmi-
nating in recent studies in which many logic gates have been integrated to achieve
complex computational functions [41-44].

Many of these logic gates have utilized QS systems to synchronize logic signals
across a cell population. For example, Brenner et al. developed a system in which
two colocalized E. coli populations could converse with each other bidirectionally
using two interlocked QS systems, the RhIR/RhII and the LasR/Lasl systems.
Briefly, one cell population produces the RhIl signal, C4HSL, and the other
population produces the Lasl signal, 30C12HSL. Each population only reads the
QS signal from the other population by expressing the corresponding receptor
protein. Once the complex between the receptor protein and the diffused QS signal
(30C12HSL or C4HSL) forms, it activates the promoter-driving production of the
other QS signal (C4HSL or 30C12HSL, respectively), along with a GFP reporter.
Thus, the two populations constitute a logical AND gate in which GFP activation
only occurs when both QS signals are present. The authors demonstrate that the
AND gate is indeed activated when the populations are spatially colocalized in
agar and in a biofilm consortium [45].

AND gates can also be utilized to perform complex biocomputing tasks. Tabor
et al. accomplished such a task by executing a synthetic genetic edge detection
program using a logical AND gate. The goal of the project was to shine a projected
image onto a field of engineered E. coli cells and to have the E. coli release a black
pigment at the boundaries where light and dark regions meet (the edges of the
image). This task was accomplished using an engineered device, consisting of a
dark sensor, an AND gate, a NOT gate, and a black pigment producer [41].

Briefly, the dark sensor is a modified version of a previously characterized
switch [46], which contains a surface protein that activates a signaling cascade in
the engineered bacteria when light is not present. When activated in the dark, this
switch induces expression of LuxI, which produces the AHL 30C6HSL, and cI.
30C6HSL binds to and activates LuxR, which in turn activates a Py, promoter.
Meanwhile, the Py,,_; promoter is also repressed by cl. When the Py,,_; promoter is
activated, it triggers expression of f-galactosidase (the protein encoded by LacZ),
which mediates production of a black pigment (Fig. 3a). Thus, in the presence of
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abundant light, neither LuxI nor cl is activated, and black pigment is not produced.
In the absence of light, both LuxI and cI are expressed abundantly, and cI effec-
tively inhibits the production of black pigment. However, along the edges of the
image, enough 30C6HSL is produced from neighboring dark regions such that it
activates Pj,,_;, whereas cl is not present in high enough concentrations to inhibit
Prux-,- In this case, the engineered bacteria produce a black pigment. Therefore, the
bacteria act as edge detectors due to the effective linking of AND and NOT gates,
consisting of luxl, cI, luxR, and Pj,4_;, with the dark sensor and black pigment
generator [41].

Another strategy to accomplish complex logic functions is to have separate
E. coli strains perform different simple computations and link these logic functions
using engineered communication between the different strains. By arranging these
specialized cell colonies in different configurations and using QS molecules as
virtual wires between the cells (Fig. 3b), Tamsir et al. constructed all 16 possible
2-input Boolean logic gates, including the very complex XOR and EQUALS
functions. The group obtained five to >300-fold higher gene expression when
transitioning from the OFF to the ON states for each of these logic networks [42].
Regot et al. used a similar strategy to perform complex logic functions in engi-
neered yeast cells. In this study, two communication molecules (x-factor from
S. cerevisiae and o-factor from C. albicans) were used to link single colonies,
which performed simple logic functions. Using these elements, the authors
implemented several basic logic gates, including AND, NOR, OR, NAND, XNOR,
and XOR gates, as well as more complex devices, such as a multiplexer and a 1-bit
adder with carry [43]. Obviously, the computational capacity of these devices is
nowhere near that of their electronic counterparts. However, examples such as
these represent the beginning of new methods in computation using biological
substrates, which may improve with future advances in modularity, scalability, and
reduction in cross-talk and noise.

5.2 Bioengineering

Cell—cell communication modules can also be used as critical components to aid in
the engineering of circuits with practical applications. Along this line, an inter-
esting problem that synthetic biologists encounter is that after their engineered
cells perform a specific task, the cells are still present and capable of causing
environmental harm or infections to human subjects. Furthermore, for specific
tasks, it would be beneficial to control population size precisely if the task is
sensitive to small fluctuations in gene expression. As a step towards addressing
these issues, You et al. implemented a “population control” circuit, again using
the LuxR/LuxI QS module. Upon circuit activation, LuxR and LuxI are both
expressed. Once the population reaches a critical density, AHL can reach a high
enough concentration to activate LuxR, thus inducing expression of a killer protein
(CcdB) driven by a Py, promoter. An engineered cell population containing this
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Fig. 3 a Synthetic genetic edge detector. In the absence of light, a light-sensitive surface protein
is phosphorylated and activates a promoter via a signal transduction pathway (dark sensor). This
promoter drives the expression of LuxI (/) and cI. When enough AHL is synthesized in the
vicinity, enough activated LuxR can induce the Pj,_; promoter. Conversely, if enough c/ is
translated, it will repress the Py, promoter. This part of the gene network constitutes an X AND
(NOT Y) logic gate. The Py_; promoter then activates LacZ, which gives rise to a black pigment.
The logic of the gene circuit dictates that black pigment will only be produced at the edges of a
projected image, where cells are exposed to enough light such that cI levels are low and enough
AHL from neighboring dark cells [41]. b QS systems as virtual wires linking logic gates. By
growing isolated cell colonies containing single logic gates in a particular spatial configuration,
complex computational functions can be carried out by linking colonies in close proximity via
QS. For example, by adding two inputs (typically diffusible chemicals) to one side of a plate, one
cell processor can connect with two other cell processors in parallel via a QS system. Then, these
two cell processors can connect to a final cell processor in parallel via a second QS system. The
final cell processor can then generate an output in the form of expression of a fluorescent protein
[42]. ¢ Synthetic gene circuit with interlocking positive and negative feedback loops. Genes
encoding LuxI, AiiA, and yemGFP are all downstream of the Py, promoter, which is activated
by the LuxR-AHL complex. LuxR is expressed constitutively. AiiA is an enzyme, which
degrades intracellular AHL. Self-activation of LuxI constitutes a positive feedback loop, whereas
inhibition via AiiA constitutes an interlocking negative feedback loop [51]. d Synchronized
oscillations arise from the circuit in (c¢). The architecture of the circuit in (c¢) can synchronize
oscillations of the GFP signal throughout a population harboring it in both the temporal and
spatial domains. For a constant cell density in a microfluidic device, bulk fluorescence
oscillations are observed over time. In addition, traveling waves emerge for growing colonies and
densely packed monolayers [51]. e Modified version of the circuit in (¢) can detect different
arsenite concentrations. By further synchronizing the gene circuit in (c) through gaseous H,O,
signaling and by putting LuxI downstream of an arsenite detecting pathway, Prindle et al. were
able to detect statistically significant changes in oscillation period in response to varying arsenite
concentrations [52]
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circuit could maintain a constant population size well below carrying capacity for
several days [47]. Depending on environmental conditions, the circuit could also
generate robust, sustained population oscillations [48] (see below for further dis-
cussion on applications of QS in programming oscillatory dynamics).

Another application of QS-based communication modules is to coordinate the
function of engineered tumor-killing bacteria [49, 50]. Several systems, con-
structed by Anderson et al., utilize sensor components in E. coli to target and kill
cancer cell lines. Specifically, the systems consist of a sensor that is activated
when programmed E. coli cells detect high cell density (QS is activated), hypoxia
conditions, or arabinose in the environment. When this switch is turned ON, it
activates expression of an invasion protein, derived from Y. pseudotuberculosis,
that enables the bacteria to invade cancer cells and then release a cytotoxic agent.
Interestingly, for the communication-based sensor, the group was able to dem-
onstrate controlled invasion of cancer cells only at a high E. coli cell density. The
authors speculate that by coupling this component with another sensor, which
responds only in the presence of cancer cells (i.e., their hypoxia sensor), they can
further improve specificity in targeting cancer cells [49]. This work is still ongoing
and provides a useful and ambitious direction for synthetic biologists to pursue.

Cell—cell communication modules have also been used to coordinate more
complex population-level dynamics, such as oscillations. Although a synthetic
oscillator acting on the single-cell level was first developed over a decade ago [5],
its oscillations were noisy and exhibited tremendous cell-cell variability within a
population. Since then, cell-cell communication has been adopted to control such
oscillations better in two ways. One approach is exemplified by the synthetic
population control circuit mentioned above. In this circuit, the intracellular gene
expression is directly integrated with population dynamics, leading to an inte-
grated, population-level negative feedback. This circuit has been shown to gen-
erate robust sustained oscillations for up to several hundred hours in a
microchemostat [48]. In this case, it is important to note that cell—cell variability is
critical for the generation of oscillations; otherwise, the population would com-
pletely crash if all cells simultaneously commit suicide at a high enough cell
density.

In contrast to the previous example, another approach is to use cell—cell
communication to synchronize a population of cells, within which each cell
contains its own oscillator [51]. Synthetic biologists familiar with physics and
engineering are particularly excited about this development given the usefulness of
the Huygens paradigm of coupled pendulum clocks, which has been applied in the
development of lasers, superconductor junctions, and the global positioning sys-
tem (GPS) [51]. In addition, the role of synchronized clocks in cardiac function as
well as a wide variety of developmental processes makes the advance an inter-
esting toy system for biologists. In Danino et al.’s system, lux/, aiiA, and yemGFP
are all placed under the P, promoter. Each component is activated when the cell
density is sufficiently high, upon which the activated LuxR—-AHL complex induces
AiiA expression. AiiA then catalyzes AHL degradation. Thus, the system consists
of interlocked positive-feedback (AHL-mediated activation of LuxI) and negative-
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feedback (AiiA-mediated AHL degradation) loops (Fig. 3c). In a microfluidic
device, the authors were able to demonstrate that this synthetic gene circuit pro-
duced spatiotemporal oscillations in GFP fluorescence. Importantly, the oscillatory
signal was coordinated among a localized population of engineered cells via the
cell—cell communication module utilized (Fig. 3d) [51].

Perhaps a population-level oscillator, by itself, does not constitute a practical
application of synthetic biology. However, the same group took their system a step
further by expanding on it to act as an arsenic detector. First, cells containing the
modified gene circuit were arranged on a sensing array containing 500 “biopix-
els”. Each biopixel contained ~5,000 E. coli cells. Within each biopixel, the
oscillations were synchronized as described earlier via AHL signaling. In addition,
the authors coordinated the oscillations among 500 biopixels using gas-phase
redox signaling. The group then coupled this gene circuit to an arsenic sensor
component by putting a supplementary lux/ gene downstream of an arsenic-
responsive promoter. Amazingly, when supplied with varying amounts of exog-
enously added arsenite, the device’s GFP oscillatory period was directly propor-
tional to arsenite concentration (Fig. 3e). By reading the GFP oscillatory period
among the many biopixels in their system, the investigators could effectively
monitor arsenite concentration. They were able to quantify arsenite concentrations
reliably down to 0.2 uM, which is below the 0.5 uM level recommended by the
World Health Organization (WHO) for developing nations. Given this sensitivity,
the authors put forth a design for integrating the system with a light-emitting diode
(LED), photodetector, onboard processor, and graphic display in a handheld sensor
to detect arsenite concentration effectively. They estimated that excluding the cost
of biological components, the whole device would cost less than $50 [52].

6 Disrupting Cell-Cell Communication
for Potential Therapeutic Applications

Given the role of QS systems in virulence and in biofilm formation [4], efforts
have been made to disrupt QS-mediated communication in pathogenic bacteria.
Indeed, the development of QS inhibitors has been pursued aggressively in recent
years, and various QS inhibitors have been the subject of clinical trials [53, 54]. In
this section, we discuss some general strategies for inhibiting QS in pathogenic
bacteria as well as a small sample of a few innovative applications of these
strategies.

A common method for disrupting QS is the use of small molecules. Using this
method, one can target three different steps of QS signal processing: (1) signal
generation, (2) signal secretion, and (3) signal reception (Fig. 4a) [55]. Signal
generation can be disrupted by inhibiting the synthase for the QS signal. Signal
secretion can be interrupted by disrupting the membrane protein responsible for
secretion (if it exists) or by increasing the degradation of the signal in extracellular
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space. Finally, signal reception can be inhibited by introducing analog QS signals
(competitive inhibition), by inactivating receptor proteins (noncompetitive inhi-
bition), or by disrupting the signal transduction cascade leading to downstream
gene activation.

One of the more common QS inhibition strategies to date is the disruption of
signal reception and transduction using small molecules. As mentioned above,
competitive inhibition and noncompetitive inhibition can be utilized to interfere
with signal processing. Competitive inhibition is achieved through the use of
analog small molecules that resemble the QS signal of interest. The goal is for the
analog small molecules to saturate the receptor proteins such that the actual QS
signal cannot effectively bind the receptor proteins and activate downstream gene
expression. This type of competitive inhibition was introduced by Gamby et al.,
who synthesized a diverse set of analogs to the QS signal AI-2, which is utilized by
over 70 bacterial species. Gamby et al. demonstrated that these analogs success-
fully disrupted AI-2 signaling in E. coli, Salmonella typhimurium, and Pseudo-
monas aeruginosa [56]. Another strategy for disrupting signal processing is
noncompetitive inhibition in which a small molecule is designed to bind to the
receptor protein, rendering it inactive. For example, Chen et al. engineered a small
molecule that stabilized a closed conformation of the Chromobacterium violaceum
LuxR-type protein CviR, which was unable to bind the QS signal C6-HSL [57].

Another strategy to inhibit QS involves the use of enzymatic modification of the
QS signal such that it can no longer bind to its receptor protein. For example, Roy
et al. introduced a protein kinase LsrK that phosphorylates and inactivates AI-2.
This strategy was shown to be effective in inhibiting the QS response in E. coli, S.
typhimurium, and Vibrio harveyi [58].

Inhibition of QS need not be restricted to the use of small molecules or proteins.
Recently, investigators have developed some cell-based strategies where microbes
are engineered to interfere with the QS capabilities of potentially harmful bacteria.
For example, Saeidi et al. engineered E. coli to detect AHLs produced by path-
ogenic P. aeruginosa and then produce pyocin S5 and lysis E7 in response. The
lysis protein lyses the engineered E. coli cells, thereby releasing pyocin S5, a
bactericidal agent that kills the P. aeruginosa population. This method led to a
99 % reduction in viable P. aeruginosa cells as well as a 90 % reduction of P.
aeruginosa biofilm formation [59]. In another example of cell-based QS inhibition,
Hong et al. engineered an E. coli strain to produce the protein Hhal3D6, which
activates proteases that disperse biofilms, while communicating with other cell
strains via QS. This cell strain was able to disperse an existing biofilm formed by
another engineered E. coli strain via QS and then replace it with its own biofilm
[60]. In the future, this strategy could perhaps be utilized to replace a biofilm of a
pathogenic cell strain with a biofilm of a relatively innocuous strain, which could
then be removed more easily.

Both studies discussed above were carried out in vitro and thus were not subject
to the many complicating factors that are present physiologically. However, Duan
and March provided a proof-of-concept demonstration of the efficacy of QS
inhibition in vivo using an infant mouse model. Briefly, the E. coli Nissle 1917
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strain was engineered to produce cholera autoinducer 1 (CAI-1), which was aimed
at disrupting the proper timing of Vibrio cholerae virulence expression and col-
onization. Indeed, 8 h pretreatment with the E. coli strain increased the mouse’s
survival 92 % after ingestion of V. cholerae, whereas coingestion of the E. coli
with V. cholerae increased survival 27 % [61]. Such a strategy may have impli-
cations for treating cholera and other infections that plague human health.

7 Engineering Artificial Cell-Cell Communication Modules

Most of the systems we have described previously rely on existing QS systems
from closely related species to implement synthetic communication in bacteria and
yeast pheromones to implement synthetic communication in yeast. However,
improvements to these existing communication modules as well as the develop-
ment of new communication modules are likely to expedite the advancement of
synthetic systems that communicate on a population-level. Improvements to
existing QS modules make components more malleable to mesh with other design
specifications. Novel communication modules provide more options when con-
structing synthetic systems and alleviate various concerns regarding modularity,
scalability, and cross-talk between closely related QS modules.

7.1 Improvements to Existing Cell-Cell Communication Modules

A common approach to improve naturally existing QS modules is to utilize
directed evolution to evolve such modules towards desired functions (Fig. 4b).
Briefly, the goal of directed evolution is to engineer a specific protein function
through several rounds of mutation and selection. The process starts with a parent
protein, which performs a task close to that desired for a specific component in the
designed system. A large library of DNA encoding mutant versions of the parent
protein can be generated via a number of methods, including error-prone PCR,
recombination, and computer-guided mutagenesis. The library of mutants is then
tested for functionality via a functional assay, which generally consists of a high-
throughput screen or selection. After multiple rounds of mutation and selection, a
mutant version of the parent protein is identified that best fits the design criteria of
the engineered system [62].

This process of directed evolution has been applied to a number of QS com-
ponents. For example, Collins et al. were able to change the signaling specificity of
a version of LuxR using a dual selection assay. Specifically, they wanted to take an
initial version of LuxR that responded to a broad range of acyl-HSLs, including
straight-chain acyl-HSLs, and derive from it a mutant version which no longer
responds to its native cognate signal 30C6HSL, while retaining its response to
straight-chain acyl-HSLs. The assay consists of two rounds of random mutagenesis
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Fig. 4 a Targets for disrupting QS. There are three targets for disrupting QSSs: (1) signal
generation, (2) signal secretion, and (3) signal reception. Signal generation can be disrupted by
inhibiting transcription or translation of the protein synthesizing the signal. Signal secretion can
be disrupted by interfering with the secretion of the signal itself or by degrading the signal. Signal
reception can be disrupted by interfering with the receptor protein or the ability of the receptor
protein to activate downstream processes [55]. b Artificial microbial cell-cell communication
channels. Directed evolution was utilized to change the responsiveness of LuxR to varying
chemical signals and the synthesis rate of AHL by LuxI in E. coli [62]. Amplification of the o-
factor signal increased system responsiveness in S. cerevisiae [65]. Recent novel artificial
communication systems include acetate in E. coli [66] and cytokinin in various yeast strains [67].
¢ Artificial mammalian cell-cell communication channels. These channels have three origins:
microbial, native, and interkingdom. The QS system involving butyrolactone was ported from the
microbe S. coelicolor and retrofitted to mammalian cells [68]. Native signals NO [69], L-arginine
[70], and L-tryptophan [71] have all been used as communication signals in synthetic mammalian
systems. Finally, various volatile compounds from many kingdoms have been used to mediate
communication between synthetic mammalian cells and cells from other kingdoms [72]

and selection. For rounds of ON selection, a library of mutagenized luxR genes
was cotransformed with a construct containing a chloramphenicol-resistance gene
downstream of the Py, promoter. The colonies were exposed to alternate straight-
chain acyl-HSLs in plates containing chloramphenicol. Thus, only those mutants
that could effectively respond to the alternate acyl-HSLs were selected after
several rounds. Similarly, for each round of OFF selection, the library of mutag-
enized luxR genes was cotransformed with a construct containing f-lactamase
inhibitory protein (Bli) downsteam of the Py, promoter along with constitutively
expressed ff-lactamase. Here, ff-lactamase confers resistance to carbenicillin, and
Bli can inhibit f-lactamase. In this manner, in the presence of 30C6HSL and
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carbenicillin, only the mutagenized LuxR proteins that do not respond to
30C6HSL are selected. Multiple rounds of ON and OFF selection identified a
LuxR mutant that responds to straight-chain acyl-HSLs but not 30C6HSL [63].
This novel selection method can theoretically be applied to achieve LuxR speci-
ficity for any number of QS signals, while eliminating responses to other QS
signals. Therefore, the method can be applied to eliminate or greatly reduce cross-
talk in synthetic systems requiring multiple modes of communication.

Selection can also be applied to obtain mutants of LuxI, which synthesize more
30C6HSL. Kambam et al. accomplished this by cotransforming a plasmid that
constitutively expressed LuxR and LuxI mutants with a plasmid containing the
Py promoter driving expression of f-lactamase. By selecting for colonies that
grew in the presence of very high concentrations of ampicillin (an analog of
carbenicillin), the investigators obtained LuxI mutants that synthesize 80-fold
more 30C6HSL than the wild-type version [64]. From an engineering perspective,
the ability to modulate 30C6HSL synthesis capacity is useful as it may be nec-
essary to tune such a parameter to fit the design of a given system.

Enhancement of the production of a communication signal can also be
accomplished without the need for genetic selection. For example, using the S.
cerevisiae pheromone o-factor as a cell-cell communication module, Gross et al.
introduced amplifier strains that would respond to environmental o-factor by
producing more o-factor themselves. In this fashion, the group achieved a more
sensitive response to o-factor within a mixed population of yeast cells (Fig. 4b)
[65]. Again, this strategy could be utilized by synthetic biologists constructing
systems that require a highly sensitive response to cell—cell signaling.

7.2 Novel Microbial Cell-Cell Communication Modules

Bulter et al. engineered an artificial cell-cell communication system in E. coli by
rewiring its metabolic pathway. The group knocked out the main production
pathway of acetate from AcCoA to make acetate a function of cell growth, rather
than a function of metabolic state or environmental conditions (Fig. 4b). Fur-
thermore, by knocking out the histidine kinase NRy;, the group simplified the
intake process of acetate such that a signaling cascade initiated in proportion to
acetate concentration induced the promoter glnAp, [66]. Similarly, Chen and
Weiss effectively integrated a modified plant hormone communication system in
yeast (Fig. 4b). In their system, the plant hormone cytokinin is synthesized in
proportion to cell density and subsequently activates a phosphorylation pathway
that induces an SSRE promoter [67]. Because both of these modules are synthetic,
their signaling is highly specific and unlikely to initiate undesirable cross-talk.
Furthermore, the modules provide synthetic biologists with more communication
pathways to utilize when engineering systems that require many channels of
communication.
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7.3 Engineered Mammalian Cell-Cell Communication
Modules

In general, engineering of mammalian cells has lagged behind engineering of
bacteria or even yeast. This is primarily due to the mammalian cell’s greater
complexity and a poorer understanding of the cellular processes in the mammalian
cell. However, the last several years have witnessed some rapid progress in the
engineering of synthetic gene circuits in mammalian cells, including the creation
of artificial cell-cell communication (Fig. 4c) [68-72].

One method of accomplishing artificial mammalian cell-cell communication is
to port a well-studied communication module into mammalian cells. Weber et al.
did precisely this by porting a QS module from the bacterium Streptomyces
coelicolor into several mammalian (including human) cell lines. Briefly, this
process was done in two steps: the QS receptor protein was fused to a human
transsilencing domain; and the QS-inducible promoter was constructed using 8
tandem transsilencer-specific operator modules derived from a viral promoter.
Thus, the QS module was “retrofitted” to be effective in mammalian cells. Weber
et al. suggested several desirable features that this retrofitted system offers,
including a high sensitivity to low doses of the QS signal butyrolactone and low
basal expression in the absence of butyrolactone [68].

Another method for introducing artificial cell-cell communication in mam-
malian cells is to rely on natural cell-cell signaling molecules. For example, Wang
et al. used nitric oxide (NO) as an effective QS signal in A549 human lung
carcinoma cells. In their system, the QS signal NO was produced when NO
synthase (NOS) catalyzed the conversion of L-arginine to L-citrulline, leaving
behind NO, which is secreted outside the cell membrane. By inducing a signaling
cascade, sufficient concentrations of NO activate the c-fos promoter. The authors
suggest that this cell-cell communication module is advantageous to the previous
portable QS network because NO is more compatible with mammalian cells. In
addition, NO diffuses across cellular membranes without the need for specific
membrane channels [69].

Another natural cell-signaling molecule utilized to enable mammalian cell—cell
communication is L-arginine. Weber et al. synthesized this molecule using a
human liver-type arginase in a human sender cell. Meanwhile, a Chinese hamster
ovary (CHO) cell line, equipped with a transgene expression system, which con-
verts L-arginine concentrations into transcription of GFP in a dose-dependent
manner, constituted the receiver cell [70]. In this manner, Weber et al. successfully
implemented a communication system in mammalian cells that was activated at
high cell densities. Similarly, the same group recently implemented mammalian
cell—cell communication with another amino acid, L-tryptophan [71]. However, for
the L-tryptophan, L-arginine, and NO communication modules, given their wide-
spread importance in mammalian cell signaling, those wishing to use these
modules must be mindful of cross-talk with other natural gene networks.
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7.4 Engineered Inter- and Intrakingdom Communication

Weber et al. also designed synthetic cell-cell communication among different
species and kingdoms. Specifically, airborne communication was introduced
between and within populations of mammalian cells, yeast, plants, and bacteria.
The basis of this communication was volatile acetaldehyde. One potential
advantage of airborne communication is that it affords the opportunity of com-
munication between sender and receiver cells that do not occupy the same liquid-
phase environment [72]. Furthermore, this mode of communication allows for
synchronization of very different organisms with specific capabilities or specialties
and therefore can aid in activating a consortium of varying organisms assigned to
different tasks.

8 Conclusion

Here, we have discussed recent studies of synthetic biological systems that utilize
cell-cell communication. These systems span a wide variety of implementations
and applications. Although the number and quality of studies on such systems is
impressive, it is important to remember that synthetic biology is still quite new.
The field has started as more of an art form than an engineering discipline with
many rounds of trial and error before a suitable system is identified that is suffi-
cient to achieve the initial design goals. However, the field is now transitioning
towards the engineering of well-defined components that behave as predicted. As
the field reaches this transition point, synthetic biologists will likely be spared the
frustrating trial-and-error process and be free to tackle new challenges better.
These challenges will include biological challenges, such as the unintended con-
sequences of host—circuit interactions [73, 74], the impact of stochastic gene
expression [75-77], and the limits of the metabolic capacity of the cell [78, 79], as
well as technical challenges, such as the realtime monitoring of gene circuit
components [80, 81], the development of high-throughput functional assays to test
new biological devices [82, 83], and the limits of high-fidelity DNA synthesis
technologies [84, 85]. Although these problems may seem daunting, one can take
comfort in the fact that incremental improvement in dealing with each of these
challenges exponentially improves our capacity to generate useful biological parts
faster, cheaper, and more predictably.
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Abstract The production of valuable compounds in industrial biotechnology is
commonly done by cultivation of suspended cells or use of (immobilized) enzymes
rather than using microorganisms in an immobilized state. Within the field of
wastewater as well as odor treatment the application of immobilized cells is a
proven technique. The cells are entrapped in a matrix of extracellular polymeric
compounds produced by themselves. The surface-associated agglomerate of
encapsulated cells is termed biofilm. In comparison to common immobilization
techniques, toxic effects of compounds used for cell entrapment may be neglected.
Although the economic impact of biofilm processes used for the production of
valuable compounds is negligible, many prospective approaches were examined in
the laboratory and on a pilot scale. This review gives an overview of biofilm
reactors applied to the production of valuable compounds. Moreover, the char-
acteristics of the utilized materials are discussed with respect to support of surface-
attached microbial growth.
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1 Introduction

Within industrial biotechnology production processes the term “biofilm” is mainly
associated with strong negative impacts on process control and product quality
related to adherent growing microorganisms. For example, they are able to block
heat exchangers and thus process economy decreases. Applications of biofilms as
well as microbial communities growing as flocs have a long history concerning the
treatment of wastewater or flue gas, whereas the organisms reduce the organic load
of the input streams. A high biomass concentration is required to allow the nec-
essary degradation rates of the waste and to minimize the dimension of the plant.
This chapter focuses on the production of value-added products by application of
biofilms. However, discussion of the economics of biofilm processes may also
consider these low-value high-scale applications for adherent growing organisms,
as the general concept is quite the same for other processes: provide a maximum of
(immobilized) biomass to establish a (semi-) continuous production process with
an appropriate space—time yield.

One major argument to reject biofilm processes is the problem of controlling
the adherent growth of microorganisms, even though many recombinant human
proteins or monoclonal antibodies, for example, are produced on an industrial
scale by adherent growing (mammalian) organisms [1]. However, there is
commonly no alternative to produce the requested target compounds and thus
“films” of organisms can be considered as well established within the field of red
biotechnology, but up to now without using the expression “biofilm”. Harding
et al. proposed some criteria that should be fulfilled to characterize adherent
growing (fungal) cells as biofilms which can be summarized as [2]:

e Surface associated growth of cells

¢ Embedding of the cells in a self-produced and secreted matrix of extracellular
polymeric substances

e Altered gene expression due to attached growth.

Even though Harding et al. focused on filamentous fungi and the debate about
the ability of fungi to grow in a biofilm state, this set of traits can be considered as
core criteria defining a biofilm. Thus, the definition can also be transferred to other
prokaryotic and eukaryotic types of cells.
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Table 1 Properties of immobilized cells in biocatalysis (according to [3])

Advantages Disadvantages
Application of a multistep enzyme Catalysis of unwanted side-reactions due
reaction is possible to occurrence of numerous catalytically

active enzymes
High enzyme activity upon immobilization Contamination of the suspension due to leakage
of cells
Good operational stability Mass transfer of the substrate and product
through cell membrane and immobilizing
matrix may be limited
Use of high cell densities
Cell densities and enzyme activities can be
expected over a long period of operation
Products can easily be recovered from
immobilized cells
Immobilized cells appear to be less
affected by microbial contamination

Because the variety of products of white biotechnology operations range
from low- to high-value commodities reflecting the production of bulk and fine
chemicals, these operations have to compete with established processes that
usually apply submerged growing organisms. An overview of the pros and cons
concerning the application of immobilized cells, which can be transferred without
further ado to the biofilm concept, is given in Table 1.

The relevance of the emerging field of biofilm research in biotechnology
becomes particularly obvious if one considers the number of publications per year
for the terms “biofilm” and “biotechnology” collected by Web of Knowledge
(Thomson Reuters) in June 2013 (cf. Fig. 1). Even though only a small fraction of
the number of papers is directly focused on productive biofilms, this diagram
illustrates the prosperous field of this research area.

The immobilization of the target organism can be achieved by active or passive
methods. Active methods are characterized by application of external compounds
to link the cells together (cross-linking) or to a surface (covalent bonding) as well as
entrapment in a matrix, whereas passive immobilization approaches use adsorption
or colonization of a substratum by microbial cells [3]. Thus, the generation of
biofilms falls in this latter category, but it is worth mentioning that a biofilm
approach might also be used in a broader way than the common immobilization
techniques. Usually, immobilized cells are used for biocatalytic processes that can
be categorized into fermentation and biotransformation processes. Whereas, during
fermentation, the target compound directly results from the carbon source used for
cell growth, within biotransformation the product is formed from an additional
supplied compound [4]. An accumulation of intracellular products as well as an
accumulation of biomass is not addressed because the isolation of products from
encapsulated cells is disfavored; furthermore, biomass accumulation may result in
disruption of the matrix and release from the support.
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Fig. 1 Number of publications per year for the terms “biofilm” and “biotechnology” collected
by Web of Knowledge (Thomson Reuters) in June 2013

However, some approaches are reported whereas biofilms are used for production
of intracellular compounds (see Sect. 3). This might be an interesting approach,
inasmuch as the matrix is extended by the “productive” cells in the required manner,
but a release of cells cannot be neglected. Of course, the production of intracellular
compounds using immobilized microorganisms is a challenging task, in particular
with respect to process engineering as well as the economics of the process. Thus, an
application might be beneficial solely for high-value fine chemicals.

One of the first processes that used immobilized whole cells (Rhodococcus sp.)
to produce a commodity was the production of acrylamide by Nitto Chemical Co.
(now Mitsubishi Rayon), which was established in 1991 and produces more than
30,000 tons per year [5]. Unlike the standard copper-catalyzed hydration of acry-
lonitrile, carried out at 100 °C, the biotransformation approach can be performed
below 10 °C. A tremendous advantage of this process is the reduced generation of
by-products in comparison to the chemical route. However, for this industrial
process, no self-immobilization is applied. Rhodococcus rhodochrous J1 is
immobilized in a cationic acrylamide polymer gel lattice, by mixing cells sus-
pended in a buffer (potassium phosphate) with a solution of monomers (acrylamide/
dimethylaminoethyl methacrylate/N,N’-methylenebisacrylamide). Via addition of
f-dimethylaminopropionitrile and ammonium persulfate the polymerization is
initiated [6]. Indeed, the cells are immobilized in an artificial matrix, thus the
definition of a biofilm is not fulfilled. But this process demonstrates that immobi-
lized cells are already in use even for industrial-scale biocatalytic processes.

The most often cited application of biofilms in terms of industrial biotechnol-
ogy is the production of acetic acid. The process is established on a 60-m> scale
and is used for manufacturing vinegar rather than production of acetic acid as a



Application of Biofilm Bioreactors in White Biotechnology 127

Table 2 Major pros and cons of biofilm processes

Pros Cons

Self-immobilization of the organism Mass transfer is limited by the extracellular matrix
without additional (harmful) agents

Robustness of the immobilized cells Process control of the adherent growing
towards fluctuating process conditions microorganisms is restricted

Long-term stability of processes; Generation and maintaining of biofilms currently
continuous process can be established not possible as required for production processes

Expression of target genes often increased No standard procedures for degradation of biofilms
in the biofilm state available (e.g., for cleaning processes)

bulk chemical [7]. This is due to process economics that is much more favorable
for the Monsanto process, whereas acetic acid is produced from methanol by
catalytic carbonylation. The biotechnological surface process—also termed quick
process—uses immobilized acetic acid bacteria (Gram-negative, acid-tolerant
strains such as Acetobacter sp. or Gluconobacter sp.) which grow on beechwood
shavings in a trickle-bed reactor [8]. As substrates, ethanol or, for example, mashes
from wine or cider production can be used. The oxidation of ethanol to acetic acid
via acetaldehyde is coupled with the availability of oxygen, particularly due to the
fact that the bacteria perish if the aeration is interrupted, even for short interruption
cycles [7]. However, this example illustrates that actually strictly aerobic opera-
tions can be tackled on an industrial scale by use of biofilm reactors. With regard
to scale and use for industrial manufacturing processes, the number of applications
is very limited. Some prospective applications of biofilm reactors for the pro-
duction of value-added products are outlined within the following sections. Some
of the major pros and cons of biofilm processes are illustrated in Table 2.

In order to investigate the capability of widely used industrial and lab strains to
grow in a biofilm state, Li et al. screened 68 strains, wherein 66 species featured
biofilm formation and more than 50 % were classified as strong biofilm formers
[9]. Moreover, the biofilm- forming capacity of a model organism (Zymomonas
mobilis) was investigated in packed-bed reactors. Raschig rings of several con-
struction materials (glass, polypropylene (PP), silastic, stainless steel) were tested
for biofilm growth and stainless steel meshes have shown the highest accumulation
of biomass. These data indicate that most of the commonly applied microorgan-
isms in biotechnology feature the attached growth state. Thus, providing the right
biofilm bioreactor set-up, such organisms might be cultivated and used as
productive “work horses” even in industrial applications. However, the capability
of a strain to adhere on a substratum (a prerequisite of biofilm generation) is a
characteristic trait of the organism but only one factor of a set of criteria that must
be considered to support efficient formation of biofilms. The most important
factors affecting the microbial adhesion are illustrated in Fig. 2.

The following sections give a survey of current activities within the emerging
field of biofilm applications for production of valuable compounds. Initially, the
different configurations of applied bioreactors are introduced, followed by a
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discussion about the materials applicable as biofilm supports. Several examples are
presented subsequently, whereas the biofilm support, the reactor configuration, and
the product formation are discussed in detail according to different classes of
commodities. Finally, the potential of biofilms within industrial biotechnology is
discussed bringing together the often-cited advantages of biofilms and recently
published ideas of the academic realm that might push a possible transfer of such
process from lab to production scale.

2 Biofilm Bioreactors and Applications

In principle, reactors for biofilms can be divided according to the flow pattern into
different categories, including stirred-tank reactors, fixed-bed reactors, and fluid-
ized-bed reactors. Combination and modification of these basic reactor systems
broaden the range of available reactor types to improve, for example, mass transfer
characteristics.

Selection of a proper reactor system is important to reflect the microbial traits
and the properties of the biomass support particles or surfaces. If a transformation
is carried out whereas gaseous educts or (by-)products are involved, the reactor
system should support high-mass transfer of these gases. Thus, three-phase reactor
systems such as a fluidized-bed or trickle-bed reactor may be used to establish an
economic mass transfer. Whereas the mass transfer in stirred tank reactors is
commonly high in comparison to other reactor systems, it is important to prevent
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the applied biomass-surface systems from damage due to high shear stress.
Moreover, application of fixed-bed reactors may result in clogging and pressure
drop due to the accumulation of biomass. If an excess growth of microorganisms is
expected to hamper the performance of this reactor system, the use of a fluidized-
bed or airlift reactor is beneficial. In addition to these characteristics, the choice of
an adequate bioreactor system must include deeper considerations of the kinetics,
the nature of the substrate, operational requirements, hydrodynamics, and
economics [3].

A high mass transfer is a crucial factor for proper growth and transformation
behavior of a biofilm. As mentioned before, the structure of biofilms depends on
several process parameters such as nutrient availability or the hydrodynamic
regime, thus distinct structures occur as a result of the adjusted parameters. Mass
transfer within a biofilm is achieved via convective and diffusive processes. Hence,
an adequate utilization of biofilms may be hampered if the latter represents the
bottleneck of the reaction and limits the transformation rate. To establish sta-
tionary conditions that are required for continuous production processes it is
necessary to avoid substrate limitations that modulate the metabolic pattern of the
organisms harbored in the biofilm. In particular for aerobic organisms the com-
bination of consumption and diffusive transport of oxygen may provide anaerobic
conditions. As a consequence obligate aerobic organisms get into a resting state
and/or perish.

Cronenberg et al. investigated the transport of oxygen within pellets of Peni-
cillium chrysogenum [10] and showed (via application of microelectrode studies)
that the internal mass transport properties of pellets are highly affected by their
morphological structure. They were able to prove that pellets, that occur in an
early stage of a batch fermentation, feature a homogeneous and dense structure.
The resulting pellets were only partly penetrated by oxygen (ca. 70 um) under air-
saturated conditions. A quite similar transport pattern was observed for attached
growing cells. By application of microelectrodes, Hooijmans et al. have shown
that the oxygen penetration depth of E. coli entrapped in a carrageenan matrix is
approximately 100 pum [11]. In accordance with these data, Tijhuis et al. stated that
oxygen is available within the first 100—150 pm of a biofilm and thus the data for
flocculating and artificially or naturally entrapped microorganisms is on the same
order of magnitude [12].

As a consequence it is recommended that biofilm thickness should not exceed a
thickness of 150 um to avoid a limitation within oxygen-consuming processes
[12]. However, this can be only a rough estimation, as the composition and
structure of the biofilm matrix can be very heterogeneous. For example, channels
and grooves occur, allowing an additional convective in addition to the diffusive
transport, resulting in (mostly unpredictable) improved mass transfer characteris-
tics. As a rule of thumb, most substrates (except for complex carbon or nitrogen
sources) show approximately analogue transfer rates to those of oxygen (Table 3).

As mentioned in the first section, biofilm approaches can be applied for fer-
mentative as well as biotransformation processes. If the production rate of the target
compound is correlated with the biomass production as described by Gaden’s type I
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(i.e., the desired product is derived directly from primary metabolism), the excess
generation of biomass has to be taken into account which can result in blocking of
several reactor types (e.g., fixed-bed reactor). Thus, the reactor type and the sub-
stratum used for biofilm growth have to be adapted to this trait to prevent blocking.
Several approaches on how this bottleneck can be tackled are discussed in the
following sections. However, ethanol, a common representative of this type of
kinetics, was produced by several biofilm processes as presented in Sect. 3. If one
considers biomass production as one of the major drawbacks using biofilm
production systems, an application of biofilms should be beneficial for biocatalytic
processes following Gaden’s type III kinetics, whereas the target compound is
produced independently of the biomass production rate. The production rate of
secondary metabolites such as bioactive compounds (e.g., penicillin) or enzymes
(e.g., cellulase) is described by this type of kinetics resulting in less or no accu-
mulation of biomass, inasmuch as the metabolites are produced under conditions of
low or zero growth rate.

2.1 Substrates for Biofilm Support

The surfaces and particles applied for biofilm formation should fulfill the following
criteria: the biomass support must (a) favor the adhesion of microorganisms,
(b) feature a high mechanical resistance to liquid shear forces and particle collision,
(c) be inexpensive, and (d) be widely available [13]. Obviously, not all desired
characteristics can be fulfilled simultaneously. Aside from process engineering and
economic parameters, the surface properties are of tremendous interest for adhesion
and growth of the organism of interest. Thus, surface charge, hydrophobicity,
porosity, roughness, particle diameter, density, shape of solid support, dimensions,
and material have to be considered to obtain the required attachment and sub-
sequent growth of the organism. To what extent these properties have an impact on
cell metabolism and hence on the productivity and biotransformation capacity is
still unrevealed. However, the attached growing microorganisms sometimes show a
distinct morphotype pattern. Gross et al. reported that a recombinant Pseudomonas
strain can grow with two different morphotypes in a biofilm bioreactor: smooth
colonies with a plane surface, which were also found in suspended cultures, and a
biofilm-specific morphotype, termed wrinkled type, featuring a higher roughness in
comparison to its counterpart [14].

Because the amount of adherent growing biomass is directly linked with the
provided surface within the reactor system, it is beneficial to install additional
components in the reactor or to provide particle systems. Moreover the area can be
further increased by application of roughened surfaces, thus more biomass will
attach and may be applied for the biocatalytic process. While using particles as
additional substratum inside a bioreactor in addition to roughness the dimension of
the particle as well as porosity are also of great concern. Unlike mammalian cells
microorganisms commonly show no constraints with regard to growth inhibition
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by cell-to-cell contact thus the smaller the particles are, the higher is the provided
surface. But one has to consider that the particle size should be adapted to the
retention strategy; that is, process economics requires biofilm particle retention
and the retention of large particles is less complex than for smaller particles.
Hence, a compromise between particle size and surface area is necessary to meet
the special needs of the process.

The variety of materials that can be used as biofilm supports has a broad range.
Artificial construction materials or natural materials are applicable for adhesion
processes and growth of microorganisms. The following two sections focus on
commonly used materials for biofilm growth, with the materials classified into
inorganic and organic compounds.

2.1.1 Inorganic Materials as Biofilm Support

Inorganic construction materials can feature a complex composition, for example,
for ceramics, or a more or less simple compounding as alloys or pure elements
such as metallic substrates. The application of (pure) metallic devices is quite
common as implant material in medicine. Whereas microbial biofilms should be
absent in this situation such contaminations take place to a small extent resulting in
a negative impact on health. Titanium is often used as implant material but it is
necessary to distinguish between the composition of the inner construction
material and the outer layer of the implant. When the material is exposed to
oxygen or oxygen-containing liquids the Ti-surface is oxidized. The resulting
TiO,-shell prevents the material from further corrosion but the surface charac-
teristics are modified and adhesion must be evaluated for the oxidized Ti state.
These examples feature the necessity of a careful observation of the true surface
because almost all metallic construction materials suffer surface oxidation.

One of the main objectives of biofilm bioreactor design is to increase the
specific surface within the bioreactor set-up. This can be done by using installa-
tions (e.g., baffles or other three-dimensional geometries) or particles.

If compact particles are used, one has to consider that the material’s density is
higher than the one of the liquid medium. Their application is therefore restricted
to fixed-bed approaches. However, hollow metallic “particles” such as woven
balls made from stainless steel wire gauzes can be applied as biomass support
particles, which were developed by Atkinson et al. in 1979 [15]. The overall
density of particle and biofilm is close to the density of the medium, hence the
conglomerates can be applied in fixed-bed reactors as well as in fluidized or even
airlift reactors. They stated in this early stage of using microbial films for pro-
duction processes that in addition to flocculating microorganisms such particles
can be filled with virtually any organism.

An improvement of surface attachment can be accomplished by chemical
treatment of the applied stainless steel wires. For instance, Karsakevich et al.
examined the activation of such stainless steel surfaces by treatment with titanium
(IV) chloride and y-aminopropyltriethoxysilane to improve cell immobilization of
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Z. mobilis and productivity of ethanol and levan, a fructooligosaccharide [16].
Conditioning with TiCl, allows bridging of the surface to the negatively charged
bacterium and subsequently a better microbial growth and attachment of levan to
the surface. Modification of the surface with y-aminopropyltriethoxysilane leads to
a positive charge of the wires’ surface and thus to a strong electrostatic attraction
of cells, whereas uncharged neutral or positively charged polysaccharides were not
attached by the silanized stainless steel surface. Astonishingly, the surfaces’
morphology is modified during the treatment procedure. Whereas the TiCly
modified surface provides a topography with channels and holes, the silanized
surface has a regular fine pattern as characterized by SEM studies.

In addition to titanium and stainless steel several other metals are applicable for
biofilm growth but one has to balance the cost of the material and effectiveness of
the attached growth pattern of a target organism. Although copper is commonly
regarded as growth-inhibiting material, some studies indicate that even this metal
may be used as a substratum for biofilm growth [17].

Porosity of the material is another crucial factor that determines the perfor-
mance of the biofilm when used for conversion processes. The higher the porosity
of the support material, the higher is the amount of biomass growing in the pores.
As the biomass portion that is harbored within the channels of the material does
not contribute to the reaction, it is necessary to evaluate the active fraction of the
biomass. For butanol-producing Clostridium acetobutylicum Qureshi et al. [18, 19]
have revealed that only a minor fraction of the biofilm biomass is active in terms of
butanol production. They identified four different cell types in the butanol-
producing biofilm: growing cells, butanol-producing cells, dead cells, and inactive
cells, whereas only a minor fraction of less than 10 % of the total biomass
contributed to butanol production. It is worth mentioning that dead cells and spores
represented the main fraction of the biomass attached on bonechar. One may
estimate that an analogue diversity of productive and nonproductive cells can also
be found in other biofilm systems, thus the “true” productivities may be higher if
solely the active biomass fraction is considered for calculation of the space—time
yield.

However, it is important to consider the size of the pores. When the diameter of
the pores is in the dimension of the biofilm-producing organisms the pores are
generally blocked within short timeframes and the organisms cannot contribute to
the conversion processes. But if the dimension of the pores features a diameter
some orders of magnitude larger than the target organism, the pores are amenable
for mass transfer even for convective transport.

Ceramic materials seem favorable because charge and pore size can be
customized to the special needs of the target organism. The required manufac-
turing processes are well established within the field of membrane technology but
have not yet been transferred to biofilm processes in a broad manner. Major
drawbacks of such applications are the complexity of the production process and
the corresponding costs. Furthermore, the release of positively charged ions from
the carrier material (e.g., AI’*) may hamper the performance of the biofilm
organism, which has to be investigated in advance.
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In addition to ceramics, glass and related materials can also be efficiently used as
supports for biofilm growth. Jérdening has discussed the use of glass particles and
sand for application with regard to their function as support material for biofilm
growth in fluidized-bed reactors [20]. To reduce the pressure drop during fluidized-
bed application he used foam glass particles instead of common glass beads. Such
foam glass particles provide a density similar to the liquid medium; moreover they
feature a high surface area and porosity. Because foam glass is used as an isolation
material by the construction industry it has a moderate price in comparison to other
inorganic support materials. In comparison, the glass foam particles show an
enhanced biofilm development in comparison to sand. But the author mentioned
that the inoculum plays a prominent role with respect to biofilm growth. Thus, it
was supposed that also a variation of growth rate up to 25 % can result from using
nonsimilar inocula. An accelerated biofilm growth was observed, when already
immobilized biomass was used as inoculum. Therefore the history of the inoculum
has a strong impact on the following attached growth. A novel approach of foam
glass particles that combines the well-known properties of glass and magnetic
particles was recently patented by Siid-Chemie AG (now Clariant AG) [21]. By
embedding magnetic particles within a matrix of foam glass, so-called magnetic
foam glass particles result. These composite materials can be easily separated or
retained in a biofilm bioreactor by application of magnetic fields.

Other cheap and widely available materials applicable as biofilm support are
clay minerals. Such materials can be used as small bricks inside packed-bed
reactors, a technique approved for the continuous production of butanol with
Clostridium beijerinckii BA 101 [22].

In addition to the composition of the substratum, its morphology even influ-
ences the attachment characteristics of microorganisms. This topic is addressed in
more detail in the chapter called “Novel Materials for Biofilm Reactors and Their
Characterization” (cf. the chapter of Miiller et al.).

2.1.2 Organic Materials as Biofilm Support

The variety of organic materials applicable for adhesion of microorganisms is very
broad. Artificial polymeric materials can be applied as well as naturally occuring
materials such as loofa sponges (see Sect. 3). Unlike inorganic materials, the
polymers can be processed much more easily with regard to the special needs of
the processes and are available at moderate cost. Furthermore, they can be blended
or their surface modified to obtain materials with novel physicochemical proper-
ties. In comparison, materials based on organic matter commonly possess a density
less than one gram per cubic centimeter. Therefore, the particles or reactor
installations must be fixed to avoid detrimental sweeping.

It is assumed that the most important factors influencing the adhesion of cells
or spores on organic matter are the surface morphology and hydrophobicity
(surface free energy) rather than the charge of the material. Urek and Pazarlioglu
have investigated the adhesion of spores of a white rot fungi (Phanerochaete
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chrysosporium) on different materials (artificial and natural polymers as well as
stainless steel) [23]. They have chosen ion-exchangers and classical adsorbers such
as Amberlite IR 45, Eupergite C, Eupergite C 250 L, Purolite CT275, Purolite MN
500, polymers including PP and PP foam, and natural compounds such as coco-
peat and rough bran. Furthermore, the “inorganic” material Perlit was tested.
Polypropylene foam indicated the best performance and 86.4 % of spores were
adsorbed by the material followed by 72.5 % of the ion-exchanger material
Amberlite IR 45. Polypropylene provided as beads showed only 10.4 % adsorption
of spores, but they have not characterized the roughness of the applied surface.
This result is in accordance with findings from Asther et al. [24] who examined the
immobilization of conidiospores and mycelium of P. chrysosporium on different
materials. They stated that adsorption is a function of roughness and hydropho-
bicity, hence PP and polyurethane provide much better adsorption characteristics
than such hydrophilic carriers as stainless steel or grey. Interestingly, Jones and
Briedis reported that the higher the surface energy of the material is, the higher is
the amount of biomass adhered to the surface [25]. They compared the adhesion of
P. chrysosporium on the polymers polytetrafluoroethylene (PTFE), PP, polyeth-
ylene (PE), polymethylmethacrylate (PMMA), and nylon, where nylon provides
the best adsorption of biomass and no attached biomass was found on PTFE.
Astonishingly, attachment of biomass was reported solely after roughening of the
polymeric surfaces; that is, without modification of the surfaces’ texture no
attachment of biomass was observed. A similar result was observed by Guimaraes
et al. [26]. They reported that the surface roughness/porosity is more important for
attachment of biomass than its (surface) energy.

As mentioned before, the surface charge plays only a minor role for attachment;
positively charged support materials such as anion-exchangers may support
binding of the microorganism. Zhang et al. investigated the polyhydroxybutyrate
biosynthesis and biofilm development of Alcaligenes eutrophus [27] in the pres-
ence of positively charged carriers. Because bacteria feature a negative charge
under physiological conditions it is assumed that positively charged surfaces
support attachment of the biomass. Best performance resulted towards the strong
anion exchanger DEAE-Sephadex A-25, which possesses the highest charge
capacity of the investigated microcarriers (charge capacity: 3.5 meq/g).

Polymers can be very gently modified to the special needs of the adsorption
process, if the regular monomers will not provide the desired characteristics of the
polymer. The co-monomers possessing the required functional groups can be used
during polymerization or, on the other hand, modification of the polymer can be
achieved by chemical or physical means after termination of the polymerization to
increase the charge density on the surface (e.g., by plasma treatment). Moreover,
the materials can be processed very easily in comparison to inorganic biomass
supports concerning shape and dimension of the particle or installation.

Glass and stainless steel are considered as reference materials for the cultivation
of microorganisms and production of valuable processes. But in the last decade
many processes were introduced applying disposable plastic materials because the
regulations for establishing them in particular pharmaceutical processes are much
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easier to fulfill and the investment costs are less compared to “standard” proce-
dures. One major problem is that manufacturers in principle do not publish or
communicate the detailed composition of the plastic material due to intellectual
properties. Furthermore, no international standards are currently published that
must be met by these novel types of materials. In particular, compounds migrating
from the inner plastic composite to the surface and the medium, respectively, may
affect attachment of cells, growth, and productivity of the adhered biomass.

Commonly, a release of compounds is undesirable, especially within manu-
facturing of pharmaceuticals. However, plastic composites can be modified in
terms that release of specific blended compounds is achieved supporting attached
growth of biofilm-producing microorganisms. Such a material was developed at
Iowa State University by Pometto and co-workers (U.S. Patent Number:
5,595,893), who were able to provide a unique plastic composite support (PCS)
that showed beneficial characteristics due to stimulation of biofilm formation.
They investigated a broad range of blendings of the PCS. For production of lactic
acid, for example, Cotton, Pometto, and Gvozdenovic-Jeremic [28] optimized the
PCS blend for Lactobacillus. They found that best performance results from a
blend containing 50 % (wt/wt) agricultural products [35 % (wt/wt) ground soy
hulls, 5 % (wt/wt) soy flour, 5 % (wt/wt) yeast extract, 5 % (wt/wt) dried bovine
albumin, and mineral salts] and 50 % (wt/wt) PP. The final (basic) shape was
obtained by high-temperature extrusion. The resulting PCS tubes featured a wall
thickness of 3.5 mm, an outer diameter of 10.5 mm, and were cut prior to
application in a bioreactor into 10-cm lengths. The tubes were fixed on an agitator
shaft in a stirred-tank bioreactor and allowed lactobacillus cells to adhere, while
producing lactic acid. For installation of six PCS tubes, the authors applied three
rows of two parallel tubes which were bound in a grid fashion to the agitator shaft
of the fermentor (1.2-L vessel, New Brunswick Bioflo 3000). The principle of
installation is illustrated in Fig. 3.

Thickness of the biofilm on the PCS tubes was controlled via adjustment of the
stirrer speed. In a comparison of the PCS biofilm reactor and a control reactor,
where PP tubes were applied without blending, the optimal production rates were
9.0 and 5.8 g/L h by application of a dilution rate of 0.4 h™' and a stirring rate of
125 rpm. The obtained yield of lactic acid was given as approximately 70 %.
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The blending can also be modified, thus this type of biofilm bioreactor can
be adapted for a broad range of production processes. A more comprehensive
overview of such biomass support material is given in this book, Advances of
Biochemical Engineering/Biotechnology, in the chapter by Miiller et al.

2.2 Reactor Types for Biofilm Processes

Several reactor configurations can be applied for utilization of biofilms in
biotechnological production processes. However, one of the following reactor
types is commonly used for cultivation of immobilized cells or biofilms with
respect to the production of value-added compounds: (a) stirred-tank reactor,
(b) fixed-bed reactor, (c) rotating-disc reactor, (d) fluidized-bed reactor, (e) airlift
reactor, or (f) membrane biofilm reactor (see Fig. 4).

The major advantages and disadvantages of these reactor types are summarized
in Table 3.

In addition to this classical biofilm reactor set-ups, a novel reactor type enabling
the cultivation of phototrophic microorganisms naturally grown on surfaces
exposed to air is presented.

Reactor types such as the upflow anaerobic sludge blanket reactor and expanded
granular sludge-bed reactor were used for wastewater treatment. Because this
chapter addresses productive biofilms, the interested reader is referred, for example,
to Qureshi et al. [19] for more information about these special reactor types.

2.2.1 Stirred-Tank Reactor

The stirred-tank reactor used for biotechnological applications derives from the
classical reactor type used in chemical engineering. This type of reactor is well
established for large-scale industrial production processes for freely suspended
cells. It allows the integration of several types of analytical devices (e.g., pH, pO,,
optical density, in situ microscope) and moreover the control of important process
parameters such as pH and concentration of dissolved oxygen. The use of stirred-
tank reactors for biofilm processes requires the integration of a corresponding
material supporting the attached growth of the organism. Reactor inserts and/or
particles can be used to increase the specific surface inside the reactor.

Several construction materials with modified and unmodified surfaces can be
applied (see Sect. 2.1) but one has to take into account that such an integration of
biofilm-supporting material has an effect on the hydrodynamics and influences, for
example, the Reynolds number, power input, and mixing time. Moreover, the kind of
stirrer and its local energy input must be adapted to the applied particles if such kind
of substratum is used for biofilm growth. Especially the six-flat—blade disc turbine or
pitched-blade turbine rather than the marine impeller (propeller) provide an input
regime that may result in the breakdown of fragile biofilm-supporting materials.
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Fig. 4 Reactor types commonly used for biofilm cultivation: a stirred-tank reactor, b fixed-bed
reactor, ¢ rotating-disc bioreactor, d fluidized-bed reactor, e airlift reactor, and f membrane
biofilm reactor [13] (reprinted with permission from John Wiley and Sons)

Table 3 Comparison of reactors types commonly applied in biofilm engineering (adapted from
[291)

Reactor Type Advantages Disadvantages
Stirred-tank reactor High cell density and Shear stress of cells; high
productivity; long-term mixing power required
production
Fixed-bed reactor (incl. High cell density and Cell fouling; gradients due to
trickle-bed reactor, TBR) productivity; low power mixing problems; product
input requirements (TBR) recovery is difficult (TBR)
Fluidized-bed reactor Uniform particle mixing; High energy requirement;
long-term production shear stress; long biofilm
establishment time
Rotating-disc reactor High cell density Semi-continuous production;
high risk of contamination
Membrane biofilm reactor High cell density and Cell fouling; constraints in
productivity; easy scale-up of system

product separation

Necessary for industrial application is the scale-up of the process. Scale-up of
operation modes with submerged growing and producing cells is a common pro-
cedure in the industry and several criteria exist to establish the process on a larger
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scale. In the case of particles used as biofilm support, an increase of reactor
dimension can be accomplished by increasing the number of particles in the
system, whereas such processes using fixed inserts on the reactor wall or on the
stirrer shaft (e.g., the PCS approach discussed in Sect. 2.1) are restricted con-
cerning the scalability of the approach. An appropriate scale-up is hampered
because the ratio of surface to volume is decreased during scale-up.

The biofilm-harboring stirred-tank reactor can be operated in batch, fed-batch,
or continuous mode. Since proper immobilization of the microorganisms requires
several days, the set-up time of the reactor is very high. According to the
economics of the process the prepared reactor should have a high operating time.
That feature is actually fulfilled for a continuous stirred-tank reactor, whereas the
fed-batch and batch processes are originally designed for short operating times. By
using a repeated batch mode the operating time can be extended. Unlike the
continuous mode, gradients in the reactor occur due to transient conditions.

2.2.2 Fixed-Bed Reactor

The fixed-bed reactor (also termed as packed-bed reactor) is presumably the most
frequently applied reactor type for cultivation of immobilized cells and biofilms,
respectively [3]. The solid supports within the reactor type are densely packed and
colonized by the biofilm organism. Thus, this reactor type provides high interfacial
areas of biomass—liquid contact. The mass transfer is a function of the volumetric
flow, because the higher the flow rate, the higher is the mass transfer. Nevertheless,
the flow is constrained by technical means (i.e., pressure drop) and on the other
hand by resulting shear forces that damage the biofilm.

Many biocatalytic processes require an efficient gas—liquid contact and removal
of carbon dioxide. As a consequence stagnant gas pockets result that may cause
gas flooding and hence the performance of the bed decreases [3]. A major
advantage of the fixed bed is its very high density of biomass in relation to the void
volume of the packaging material. However, one should have in mind that biomass
accumulation may result in clogging of the fixed bed. In such cases it might be
beneficial to use a trickle-bed or fluidized-bed reactor.

The trickle-bed bioreactor (TBR) can be considered as a special type of a fixed-
bed reactor. Within a TBR the liquid has a downward flow pattern over a thin film
of a packed (bio)catalyst, wherein efficient oxygen supply as well as gas removal is
accomplished. As mentioned before, acetic acid was produced successfully on a
60-m> scale [7], but the production process is not as economical as other sub-
merged or emerse processes. A very promising approach of a trickle-bed reactor
for production of ABE solvents was reported by Park et al. [30]. They immobilized
C. acetobutylicum on a natural sponge and obtained a 10 times higher solvent
productivity than that from a batch fermentation using suspended free cells.
Moreover, the production rate was 2.76 times higher than that of immobilized cells
in a CSTR approach.
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Recently, an aerated continuous trickle-bed biofilm approach was reported and
designed by Li et al., featuring a 3-L structured packing, liquid recycling, and pH
control [31]. A biofilm of Pseudomonas diminuta was established on a stainless
steel structured packing with a specific surface area of 500 m*/m and applied for
the oxidation of ethylene glycol to glycolic acid within a time period of more than
two months (continuous operation). They achieved a steady-state productivity of
up to 1.6 g/L h at a dilution rate of 0.33 h™'. The structured packaging material
improves flow dynamics and less stagnant pockets occur in the column resulting in
higher catalyst efficiency and reactor performance. Furthermore, this packaging
material overcomes common limitations such as flow channeling, incomplete
catalyst wetting, poor mass transfer, reactor flooding, and blockage.

2.2.3 Fluidized-Bed Reactor

A fluidized-bed reactor provides a degree of mixing that can be considered as
intermediate between the two extremes of the packed-bed reactor and a continuous
stirred-tank reactor [3]. The fluidization (expansion) of the (biofilm) bed particles
is achieved by liquid and/or gas. If air is used as the gaseous phase and the reactor
provides a rising and rinsing compartment for the particles, the reactor set-up is
commonly classified as an airlift reactor. An additional reactor type that can be
subsumed within this category is a bubble column reactor. Consequently, the
expansion of the bed requires an upward flow of the fluid that must exhibit a
velocity high enough to allow the expansion of the bed. However, the bed particles
must have a higher density than the applied fluid. According to Fukuda, fluidized-
bed reactors provide good mixing, mass, and heat transfer characteristics, and
show minimal pressure drop [3]. Furthermore, such reactor types provide advan-
tages such as: (a) easy control and measurement of relevant process parameters (in
particular, pH value and dissolved oxygen), (b) easy (particle) sampling during
operation and (if required) replacements of active fractions, and (c) application of
small particles to provide high specific surface area within the reactor without
pressure drop as in packed-bed reactors. Due to the well-mixed hydrodynamic
regime inside the fluidized bed a good gas—liquid contact and gas supply as well as
removal is established. According to the resulting shear forces it is possible to get
rid of accumulating biomass on the support particles as reported by Gjaltema et al.
[32], thus biofilms can be investigated featuring a nearly constant thickness with
approximately constant mass transfer rates.

In addition to these manifold advantages several difficulties may be encoun-
tered during operation of a fluidized bed. If the bioreactor is operated at high bed
expansion and low stability levels, such reactors have only a narrow range of
optimum operating conditions [3]. Therefore it is difficult to maintain nonfluctu-
ating conditions. Moreover, an upscaling of a fluidized bed reactor is hampered
because the effects of back-mixing on the production rate are difficult to predict.
Efficient back-mixing also depends on the difference of the particle density and the
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fluid density. If particles are selected featuring a density close to the value of the
fluid, the efficiency of back-mixing is drastically decreased.

Because fluidized-bed reactors are well suited for fermentative processes in
which a gaseous phase is generated, such a reactor type has been successfully
applied, for example, for production of ethanol by immobilized Z. mobilis on/in
glass foam particles [33]. In contrast to the common CSTR fermentation approach,
the applied hydrolyzed B-starch is applicable without prior sterilization. A con-
version rate of 99 % of the unsterile hydrolyzed B-starch was achieved (glucose
concentration: 120 g/L), resulting in an ethanol concentration of 50 g/L and an
ethanol space-time yield of 13 g/Lh, which is three times higher in comparison to
the space—time yield obtained in continuous stirred-tank operation. A fluidized bed
may also be promising concerning the production of hydrogen as reported, for
instance, by Barros et al. [34].

Another reactor type that falls into this category is the modified spouted-bed
reactor, developed by Webb, Fukuda, and Atkinson [35] for the continuous
production of cellulase by Trichoderma viride QM 9123. Within this approach the
microorganisms were immobilized in spherical, stainless steel biomass support
particles with a diameter of 6 mm. The spouted-bed reactor used recycled broth to
create a jet at the base of a bed of the applied particles, allowing the particles
to spout and circulate. During circulation, the particles passed through a region of
high shear near the jet inlet, thus a build-up of excess biomass was prevented.
Moreover, steady-state conditions were enabled allowing a continuous operation.
In comparison to the freely suspended cells, the productivity of the immobilized
cells was more than three times higher. Hence, Webb et al. assumed that occurring
diffusional limitations can be beneficial for the expression of the cellulase.

2.2.4 Rotating-Disc Reactor

Basically, the rotating-disc bioreactor set-up uses discs as biofilm support. The
discs are mounted on a shaft and can be turned with a defined frequency. Thus, the
hydrodynamics can be adjusted independently of the residence time. If the discs
are applied on a horizontal shaft and the reactor is operated partially filled, such an
approach is commonly termed as rotating biological contactor or rotary biofilm
contactor (e.g., [36, 37]). Due to rotation of the discs, the immobilized microor-
ganisms alternately get in contact with the medium and with the atmosphere above
the fluidic phase. The reactor can be equipped with several analytical devices to
measure pH, dissolved oxygen, or extracellular product concentration, and can
be used for aerobic as well as anaerobic fermentation. In principle the disc(s)
can be used directly as solid support for biofilm attachment but alternatively other
materials can be fixed onto the disc(s).

A major advantage of this reactor configuration in comparison to the stirred
chemostat is its combination of fixed microbial films and suspended growth char-
acteristics [38], thus the operation may be described as a dynamic trickling filter. To
allow a well-mixed regime and to provide the cells with sufficient oxygen, the discs
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are operated with a rotating speed of some rounds per minute. Interestingly, this
approach can be used to mimic natural conditions that occur in intertidal marine
habitats. By adjusting the rotational speed according to the interplay of the tides,
Sarkar et al. used the rotating disc configuration to support biofilm formation of
marine strains and the production of antimicrobial metabolites [39].

As mentioned before, the reactor approach provides excellent features to
investigate the correlation of biofilm growth and shear stress/flow velocity of the
fluid. For example, Lewandowski and Beyenal used a vertically mounted poly-
carbonate disc of 60 cm in diameter inside a temperature-controlled reactor vessel
with a side length of 70 cm and a total height of 20 cm [40]. The plastic disc
contained six radial grooves, which could be used for insertion of polycarbonate
slides used as biofilm support. Because each position along the radius of the
polycarbonate disc provides a different (linear) velocity, within the frame of one
single experiment a broad range of flow velocities can be covered. However, it
must be considered, that in contrast to other reactor types (i.e., such systems using
particles) a sampling of the attached growing microorganisms within this reactor
type is not possible.

2.2.5 Membrane Biofilm Bioreactor

An essential element of a membrane biofilm reactor is a specific membrane that
acts as support for the microorganisms and on the other hand as a selective barrier
allowing the transport of nutrients. Although the attachment of microorganisms
and organic compounds on membranes is classified as biofouling because the
performance of filtration is detrimentally affected (e.g., clogging and destruction),
a systematic colonization of membranes by biofilm-producing microorganisms can
be beneficial particularly if the membrane acts as a barrier to protect the cells from
an excess of toxic products or substrates. Furthermore, such membranes can be
used to achieve an adequate (bubble-free) oxygen supply of the microorganism.

A special type, called a membrane-aerated biofilm reactor (MABR) whereby
the biomass is immobilized on membranes through which oxygen is supplied,
seems very promising for treatment of wastewater (see, e.g., the review by Qureshi
et al. [19]). As indicated by Syron and Casey, recent MABR studies commonly
used commercially available membrane technology such as microfiltration or
ultrafiltration membrane modules or applied polymeric materials such as silicone
tubings [41]. Because these materials are not specifically designed to support
microbial attachment and growth, there is a tremendous potential to improve the
biofilm performance. Prior to application of a membrane module special concern
should be addressed regarding the following criteria [41]:

e Pressure drop should be minimal

e Gas distribution should be uniform across the membrane

e Membrane must be resistant to microbial degradation

e Membrane pores should not wet under the prevailing operational conditions
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A very simple set-up for a membrane biofilm bioreactor can be provided just by a
silicone tubing in which the biofilm grows attached to the surface. Whereas the
biofilm grows in the aqueous phase, the (toxic) substrate(s) are delivered by diffusion
from the volume element that is separated by the membrane. Gross et al. have applied
the engineered Pseudomonas sp. strain VLB120AC as a model biofilm organism to
study the asymmetric epoxidation of styrene to (S)-styrene oxide in a tubular reactor
(silicone tubing) [42], whereas the inhibition of the microorganism is prevented
by in situ extraction of the product. In subsequent investigations Gross et al. iden-
tified oxygen as one of the main parameters influencing the biotransformation rate
[14], and the productivity was linearly dependent with respect to the specific
membrane area and the tube wall thickness. Because the performance of the system
is hampered by an insufficient oxygen supply a so-called solid support membrane-
aerated biofilm reactor (SMABR) was applied for growth and biotransformation
[43]. This reactor type applies a microporous ceramic membrane for oxygen supply
and growth of the organisms, whereas a silicone-based membrane was used as a
reservoir for the toxic substrate/product. Due to its beneficial oxygen transfer the
SMABR-approach is more scalable in contrast to the MABR system.

On the basis of the MABR results Gross et al. have recently evaluated a potential
industrial application of such a system for the production of (S)-styrene oxide on a
larger scale [44]. They proposed a cylindrical membrane fiber module packed with
84,000 PP fibers to realize a manufacturing process on a 1,000-tons-per-year scale,
where 59 membrane fiber modules with a diameter of 0.9 m and a length of 2 m
would be used. In comparison to a stirred-tank reactor process a higher yield on
carbon (at least factor two) and a lesser amount of biomass waste (more than factor
400) were calculated for the MABR approach.

2.2.6 Emerse Photobioreactor

Monoseptic large-scale cultivation processes in industrial biotechnology mainly
use heterotrophic approaches even if the organisms may be cultivated in a
phototrophic manner. For example, the microalgal-based heterotrophic production
of polyunsaturated fatty acids can be accomplished with productivities two to three
orders of magnitude larger than those of phototrophic outdoor pond systems [45].
Several photobioreactor types were developed during the last decades allowing the
cultivation of cyanobacteria and microalgae under axenic conditions. These
reactors are exclusively designed for cultivation of cell suspensions rather than for
cultivation of biofilms. Due to light penetration is negatively affected when the
cells grow on the surfaces directed to the light supply; biofilms are commonly
considered as a problem that has to be tackled, for example, by shear stress via
supplementation of particles to the fermentation broth.

A novel bioreactor approach, termed emerse photobioreactor (ePBR), which
was recently developed by the authors [46] is addressed in this section. The system
enables the cultivation of phototrophic organisms naturally grown on surfaces
exposed to air. Fermentation under such emerse (air-exposed) conditions opens up



Application of Biofilm Bioreactors in White Biotechnology 143

the opportunity to cultivate phototrophic biofilms of terrestrial and aerophile
microalgae. This emerse-living group represents a potential source of biomass and
biofuels and can be used as animal feed [47]. Moreover, a broad variety of
bioactive compounds is produced by these microorganisms.

In the last decade terrestrial cyanobacteria received increasing biotechnological
interest because of their high production rates of extracellular polymeric sub-
stances (EPS) and production of bioactive substances (e.g., cryptophycin). The
terrestrial cyanobacteria Nostoc and Scytonema, for example, produce the bioac-
tive compounds cyanovirin-N [48, 49] and scytovirin [50] featuring inhibitory
activity towards HIV. In addition, terrestrial cyanobacteria produce bioactive
compounds such as cytotoxines, enzyme regulators, and low-molecular-weight
substances [51]. Despite these interesting indications, the therapeutic potential as
well as its mode of action has been little studied so far [51].

The narrow focus applying mainly aquatic cyanobacteria for biotechnological
applications until now, is based on the fact that the leading role of terrestrial
cyanobacteria, particularly in water- and nutrient-limited ecosystems, has been
recognized quite recently [52]. The desiccation-tolerant cyanobacteria adapt to
extreme abiotic conditions in arid and cold deserts. They are characterized by
acclimation to low light intensities (e.g., [53]), low nitrogen availability (e.g.,
[54]), and variable water availability [55]. Many cyanobacteria are independent of
local nitrogen fertilizers because they are able to fix dinitrogen from the air
(diazotrophs) and therefore act as a nitrogen supplier in the ecosystem [54]. This
natural physiological plasticity includes many advantages that can be beneficial in
artificial fermentation systems. The metabolism of terrestrial cyanobacteria is
activated, for example, by minimal amounts of liquid water (e.g., aerosols;
[55, 56]). They are protected from too rapid dehydration, and thus anabiose, with
an enveloping mucus shield [57, 58] consisting of hygroscopic EPS. In many
species, this EPS also contains the anti-inflammatory—acting and UV-protective
pigment scytonemin in addition to the main components such as alginate and
catechines. Both represent valuable compounds that are increasingly produced
during desiccation processes [59-61].

Other features of cyanobacteria are the flexible light-harvesting complexes of
photosynthesis, which consist of highly efficient phycobilisomes. Such phycobili-
somes are comprised of phycoerythrin and phycocyanin, and are used for both
exploitation of low-light quantities as well as adaptation to light qualities (red light,
green light) by flexible reconstruction of these pigments (chromatic adaptation;
[62, 63]). Due to the direct influence of soil respiration, terrestrial cyanobacteria
also tolerate high CO, concentrations. Therefore, terrestrial diazotroph cyanobac-
teria that have been isolated and cultured from savannah and arid deserts, may
represent future production organisms with high potential for the production of
value-added compounds in the context of phototrophic emerse fermentation.

The novel ePBR exhibits unique features and benefits for the fermentation of
microalgal biofilms [46]. In comparison to submerse reactors the developed ePBR
facilitates gas exchange, minimizes water usage, features an improved light path, and
simplifies processing of biomass. The closed photobioreactor system (see Fig. 5)
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Fig. 5 Scheme of the novel photobioreactor enabling the cultivation of terrestrial cyanobacteria.
The reactor is illuminated from the fop by LEDs and light is supplemented via roughened glass
rods, which are fixed by the lid of the reactor. Light distribution is achieved due to scattering at
the boundary of glass/air, thus cyanobacteria growing on the glass surface are supplemented with
light. Nutrients and water are provided as aerosol from the connections presented at the upper
part of the reactor

consists of a cylindrical reaction vessel (current reactor volume: 0.5 L) with
embedded optical waveguides (roughened glass rods) serving simultaneously as
support material for the organisms (e.g., 1 g fresh weight per 100 cm? surface area).

Borosilicate glass rods (5 mm x 170 mm) are used to guide actinic light
charged by external light-emitting diodes (LEDs). The light is scattered within the
optical waveguide and emitted at the rod surface. The target organisms adhere to
the surface of the glass rods and therefore they receive the scattered light. This
light pathway optimizes the illumination level of microalgae because their
photosynthesis is not limited by light penetration from the outside, which is often a
problem in dense liquid cultures of submerged growing organisms. Moreover, the
emitted light energy is directly transferred to the growth zones of the microalgae
whereas the older cells are distally displaced/replaced outwards.

The bioreactor approach additionally allows a controlled and water-saving
application of aerosol. The required aerosol is produced by a vaporizer that applies
sterile culture medium as a fine mist to rewet the organisms. After wetting, the
relative humidity is between 70 and 100 % for several hours depending on
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Fig. 6 Different stages of the development of ePBR designs. (Left) First prototype of the ePBR;
(Middle) photobioreactor with connectors enabling sampling of liquids and biomass; (Right)
photobioreactor in current geometry including a perforated tray for biomass retention

the dispensed amount of water. The addition of aerosol reduces the temperature
inside the ePBR of approximately 0.8 °C due to evaporation. The application of the
medium as an aerosol has several advantages in comparison to submerse cultiva-
tion; these include (a) the gas mass transfer is significantly improved (by reducing
the diffusion barriers), (b) the use of water resources is reduced (currently 0.1 ml
per cm? of surface area and day), (c) initiation of the desiccation process induces the
production of certain valuable compounds, and (d) a simplified processing of
biomass because it already exists in a concentrated form. In particular the tradi-
tional processing by thermal drying, flocculation, centrifugation, or filtration is
time-, cost- and energy-consuming [64, 65]. In the ePBR, harvesting of desiccated
microalgae might be implemented species-specifically by mechanical shearing
(e.g., peeling knife), cell wash-off by increased aerosol delivery, or by dehydration-
induced shedding when static heavier filaments or aggregates break off. Further
advantages arise from the avoidance of permanent mixing of a suspension as well as
absence of foam production and mechanical shear forces. Moreover, the reactor
facilitates recovery of the medium filtered through a stainless steel mesh, pressure
equalization through a sterile filter, and gas exchange measurements. Several stages
of developed photobioreactors are presented in Fig. 6.

The described system is currently applicable for lab-scale processes and allows
the production of compounds induced by desiccation stress. In this context the
system is also a valuable tool to investigate the physiological responses, which are
triggered by heat and desiccation. A scale-up of the system requires an increase of the
available surface area inside the reactor. This might be accomplished by application
of fiber optics instead of glass rods. However, such a scale-up process must find an
optimal alignment of fiber optics that provides a supplementation of the surface-
attached growing strains with nutrients. Moreover, the harvesting process must be
selected according to the specific traits of the phototrophic microorganisms.
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3 Potential of Biofilm Reactors within Biotechnological
Production Processes

Biofilms are up to now not well established in industrial biotechnology with
respect to the production of chemicals, including bulk as well as fine chemicals,
even though feasibility of the biofilm approach has been shown for several reac-
tions on the laboratory scale. Unlike wastewater or odor treatment, the use of
biofilms for a production process requires the establishment of monospecies rather
than multispecies/mixed-species biofilms because the control of the latter is more
complex and to date barely understood.

As mentioned before a biofilm approach could be very reasonable with respect
to economics and space—time yield. A major advantage of utilization of biofilms is
the lifetime and robustness of the microorganisms. Within the next section some of
the most relevant applications of biofilms concerning biocatalysis/production
processes are summarized.

3.1 Applications of Biofilm Bioreactors for Production
of Value-Added Bulk and Fine Chemicals

The production of value-added products by application of biofilms was proven for
several manufacturing processes for bulk as well as fine chemicals and enzymes.
Some prospective applications with respect to productive biofilms—except for
animal and plant cell processes, which are not covered within this review chap-
ter—are highlighted in Table 4. The examples presented were ordered according
to the applied reactor type of the respective biofilm approach. The illustrated
biofilm processes were mainly examined in lab scale rather than pilot and/or
industrial scale. The latter one was solely accomplished for vinegar manufacturing
as mentioned earlier. Commonly, the space—time yield is given as the amount of
product formed per volume of the reactor and time. This definition has to be
considered as critical because it is not directly linked with the biomass nor the
available surface area in the related system. In spite of this deficiency, the space—
time yield is also used for biofilm bioreactors. Whenever possible, values of
Table 4 were presented for continuous and batch processes with the unit g/L h.
Inasmuch as the determination of biomass in a biofilm reactor set-up is much more
complicated than for submerged growing cells, the amount of biomass used in a
specific system is usually unstated. Even though the biomass could be determined
with a certain accuracy, the active fraction of the biofilm is still unknown.

A major concern while focusing on a biofilm approach is its applicability. In
addition to the process economics it has to be considered whether the production of
the target compound is also feasible in a scientific manner; i.e. , the production
should not be hampered by fluctuating conditions in the bioreactor. First, the
correlation of product formulation and biomass production should be known to
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Table 4 Examples of value-added products manufactured by application of biofilm bioreactors
(adapted from [4, 29] and augmented)

Product Organism Substratum  Productivity Ref.
Packed-bed reactor
Ethanol Zymomonas mobilis, PCS ring and 5.0-124 g/L h [67, 68, 88]
Saccharomyces disk
cerevisiae
Ethanol Z. mobilis Anionic 377.4 g/L h [66]
exchange
resin
beads
Butanol Clostridium Tygon® rings 4.4 g/L h [89]
acetobutylicum
ABE solvents (acetone, Clostridium Clay bricks 162 g/L h [22]
butanol, ethanol) beijerinckii
BA101
ABE solvents (acetone, C. acetobutylicum Bonechar 41¢g/Lh [90]
butanol, ethanol)
Lactic acid Lactobacillus PCS 13-60 g/L h [91-93]
aminophilus,
Lactobacillus
casei,
Lactobacillus
delbrueckii
Succinic acid Actinobacillus PCS 2.08 g/L h [70, 71]
succinogenes
Propionic acid Propionibacterium  Spiral wound 1.62 g/L h [72]
acidi-propionici fibrous
matrix
Dihydroxyacetone Gluconobacter Silicone- 28 g/L h [94]
oxydans covered
Ralu rings
1,3-propanediol Pantoea Polyurethane 3.6 g/L h [95]
agglomerans foam
Benzaldehyde Z. mobilis Glass beads  0.88 g/L h [96]
Poly(3- Alcaligenes DEAE- 0.034-0.038 g/L h [27]
hydroxybutyrate) eutrophus Sephadex
A-25
beads
Pediocin Pediococcus Spiral wound 1.0 x 107 AU/L h [76]
acidilactici PO2 fibrous
matrix
Nisin Lactococcus lactis Spiral wound 1.0 x 107 AU/L h [80]
fibrous
matrix
Bubble column and analogues
Citric acid Aspergillus niger Polyurethane 0.135 g/L h [97]
foam

(continued)
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Product Organism Substratum Productivity Ref.
Cellulase (spouted bed Trichoderma viride  Stainless steel 31.5 FPA U/L h [35]
fermenter) (filter paper
activity)
Cephalosporin C Cephalosporium Sintered glass 7.111 x 107> g/  [83]
acremonium particles Lh
Rotating disc reactor
Citric acid A. niger Polyurethane 0.896 g/L h [69]
foam
Fumaric acid Rhizopus oryzae Plastic discs  3.78 g/L h [37]
Lignin peroxidase Phanerochaete Several 0.46 U/L h [25]
chrysosporium plastic
discs
Stirred-tank reactor
Lignin peroxidase P. chrysosporium Nylon web 5.6 UL h [75]
cubes
Pullulan Aureobasidium PCS tubes on 1.33 g/L h [98]
pullulans agitator
shaft
Bacterial cellulose Acetobacter xylinum PCS tubes on 5.9 x 1072 g/Lh [99]
agitator
shaft
Polyhydroxyalkanoates Bacillus sp. PCS tubes on 0.195 g/L h [100]
agitator
shaft
Nisin L. lactis PCS tubes on 5.4 x 10° U/Lh  [101]
agitator
shaft
Lignin peroxidase P. chrysosporium PCS tubes on 0.35 U/L h (LiP) [74]
(LiP)/Manganese agitator 0.88 U/L h
peroxidase (MnP) shaft (MnP)
Trickle-bed reactor
Acetic acid Acetic acid bacteria Beechwood 1.7 g/L h [7]
shavings
Glyolic acid Pseudomonas Structured 1.6 g/lL h [31]
diminuta stainless
steel
packaging
Hydrogen Caldicellulosiruptor Polyurethane 0.044 g/L h [85]
saccharo-lyticus foam
Hydrogen C. acetobutylicum Glass beads 220 mL/L h [102]
(0.02 g/L h)
Fluidized-bed reactor
Ethanol Z. mobilis Macroporous 13 g/L h [33]
glass
beads

(continued)
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Table 4 (continued)

Product Organism Substratum Productivity Ref.

Hydrogen Anaerobic sludge Polystyrene  0.085 g/L h [34]

Hydrogen Anaerobic sludge Expanded 0.11 gL h [34]

clay

Other reactor types

(S)-styrene oxide Pseudomonas sp. Ceramic 12 g/L h [43]
(membrane aerated membrane
biofilm reactor)

(S)-styrene oxide Pseudomonas sp. Silicone 0.67 g/L h [42]
(tubular membrane membrane
reactor)

1-octanol Recombinant Silicone 0.054 g/L h [44]

Pseudomonas membrane
putida

Manganese peroxidase P. chrysosporium Polysulfone 1.3 U/L h [103]
(membrane membrane
gradostat biofilm
reactor)

Halogenated Trp- Recombinant E. coli Glass slides  2.35 x 107°— [104]
derivates 9.39 x 107> g/
(stationary) Lh

Manganese peroxidase P. chrysosporium Polystyrene 2.9 U/L h [23]
(stationary) foam

Gibberellic acid Fusarium Loofa sponge 13 x 107 g/L h  [105]
(shaking flask) moniliforme

Extracellular Nostoc muscorum Roughened  0.303 g/m” h Unpublished
polymeric glass rods data
substances

select the optimal reactor type. If the production can be described by Gaden type I,
the productivity is better the higher the growth rate is. This type of production
results in massive biomass accumulation and thus blocking of the reactor type
must be prevented when operation is accomplished in a continuous mode. Hence,
fluidized-bed or analogue reactor types are optimally suited for such processes. It
can be concluded that the biofilm production mode is most beneficial for anaerobic
processes, whereas productivity and growth rate are not related. Such processes
avoid possible limitations due to transport of oxygen as well as mass transfer
problems and blocking of the reactor due to accumulation of biomass.

Another aspect is the location of the product because the biofilm approach is
perfectly suited if the product is released from the biofilm and can be captured
afterwards from the supernatant or fermentation broth, respectively. However,
processes are also described, whereby the product is enriched by the biofilm-
harboring organisms as described, for example, by Zhang et al. for accumulation
of polyhydroxybutyrate [27]. If the target compounds are located intracellular a
corresponding “milking” process must be established to operate the reactor in a
continuous mode. Otherwise the process might become inefficient with respect to
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process economics. If the EPS or compounds from the matrix are the targets of the
process, there is of course no alternative to producing these compounds (semi-)
batchwise. But a particular interest should be addressed to establish a continuous
or semi-continuous process due to the fact that biofilms require a certain time
period to be constructed.

Some of the examples presented are highlighted in the following sections,
where the products are classified into solvents, organic acids, enzymes, bioactive
compounds, and other products.

3.1.1 Solvent Production

Several examples of solvent production by biofilms were investigated within the
last decades. The investigations were mainly driven by seeking alternative pro-
duction systems for manufacturing ethanol as well as butanol and acetone. As
indicated in Table 4, the production of these commodities was investigated by
application of packed-bed and fluidized reactors using several kinds of support. The
highest space—time yield of 377.4 g/L. h was reported for a packed-bed approach by
Krug and Daugulis, who immobilized Z. mobilis on anionic exchange resin beads
[66]. In comparison Kunduru and Pometto obtained a value of 124 g/L h [67, 68],
which is even approximately 10 times higher than the space—time yield reported by
Weuster-Botz, Aivasidis, and Wandrey for immobilized Z. mobilis (13 g/L h) on
macroporous glass beads [33]. However, these values must be evaluated carefully
when compared with standard cultivation techniques because the applied biomass
may be much higher than in the reference assay, particularly if only the void volume
of the packed-bed reactor is considered. Therefore, it is necessary to calculate the
productivity with respect to the whole reactor volume because this value reflects
the installation costs of the required plant.

3.1.2 Organic Acid Production

A broad variety of organic acids is currently produced by means of stirred-tank
reactor approaches applying suspended cells. Because the production is often
inhibited by the relevant organic acid if a threshold concentration is exceeded, the
application of biofilms might be favorable according to their higher robustness
towards unphysiological environmental conditions. Many organic acids can be
produced by cultivation of fungi; in particular, citric acid or fumaric acids are very
prominent examples for biotechnologically manufactured compounds. But bacte-
ria, such as Actinobacillus sp., can also be used to produce valuable organic acids
including succinic acid. The reported productivities of citric acid [69], succinic
acid [70, 71], and propionic acid [72], as well as acetic acid [7] and glyolic acid
[31] were in the range of approximately 1-2 g/L h, and thus quite similar, whereas
the reported productivity of fumaric acid was estimated to be 3.78 g/L h [37].
Interestingly, the productivities were obtained with different reactor types and
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biofilm support materials (see Table 4). Potential routes for the synthesis of
commodities might use the organic acids fumaric and succinic acid in the near
future. Both acids were mentioned within the report “Top Value Added Chemicals
from Biomass,” published by the US Department of Energy in 2004 [73], and
identified (in addition to other microbial metabolites) as potential building blocks
for manufacturing value-added chemicals from biomass resources.

3.1.3 Enzyme Production

Several approaches for the production of enzymes by biofilms are reported in the
literature (see Table 4). Whereas the matrix should support the retention of
the enzyme under natural conditions, a biotechnological production process has to
maximize as well the enzyme liberation from the matrix and the production by the
microorganisms growing attached to the support material. In nature, the retention of
enzymes such as glycosidases or proteases supports the supply of nutrients for a
broad variety of microorganisms, hence, the matrix is sometimes termed as
“stomach” of the biofilm community. As well as the nutrient supply, the retention of
catalases or fi-lactamases, for example, prevent the biofilm organisms from growth
and metabolic inhibition. An efficient manufacturing process must first provide a
good expression of the target enzyme. Since biofilms are highly suited for long-term
(continuous) processes, the production of extracellular enzymes is reasonable rather
than production of intracellular enzymes. As indicated in Table 4, research was for
example focused on the production of lignin peroxidase and manganese peroxidase,
enzymes responsible for lignin degradation. The application of a biofilm approach
for the supply of the required enzymes might be of interest because a high pro-
ductivity was reported for immobilized P. chrysosporium [74]. The productivities
for lignin peroxidase were in a narrow range for different reactor types: Jones and
Briedis reported a productivity of 0.46 U/L h (P. chrysosporium grown on plastic
discs in a rotating disc bioreactor) [25], whereas Khiyami, Pometto, and Kennedy
found a productivity of 0.35 U/L h (P. chrysosporium grown on PCS tubes on
an agitator shaft) [74]. An impressive productivity of 5.6 U/L h was reported by
Linko [75] who established a P. chrysosporium biofilm on nylon web cubes that
were used in a stirred-tank bioreactor.

Cellulases are well established in biotechnology for degradation of cellulose
into its subunit glucose, which can afterwards be used as a carbon source for
biotechnological production of valuable compounds. A sophisticated approach for
the production of cellulase by 7. viride was developed by Webb, Fukuda, and
Atkinson [35] who applied a modified bubble column termed a “spouted-bed
fermenter.” The cells were grown on hollow stainless steel wire balls and blocking
of the reactor was prevented by a jet stream that provided a certain shear force to
liberate excess biomass from the supporting material. The volumetric productivity
of the system (31.5 FPA U/L h) was 53 % greater in comparison to the batch
system.
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3.1.4 Production of Bioactive Compounds

Microbial secondary metabolites featuring bioactive properties such as antimicro-
bial, antitumoral, anti-inflammatory, or antiviral properties are desirable candidates
for pharmaceutical applications. The production of these compounds is commonly
related to external stimuli such as phophate limitation or regulated by quorum
sensing, i.e., effects which also occur in biofilms. In particular, the stimulus can be
represented by an inducing bacterium that is co-cultivated in the biofilm. Due to
the highly complex fermentation of multispecies biofilms, the reported applications
exploited single-species biofilms for production of the bioactive compounds (see
Table 4). Cho, Yousef, and Yang used a spiral wound fibrous matrix for cultivation
of Pediococcus acidilactici to produce pediocin [76], a plasmid-coded peptide
belonging to the class of bacteriocins, featuring a molecular mass of approximately
4.6 kDa [77, 78]. The compound is of relevance due to its inhibition of Listeria
monocytogenes, a widespread food-transmitted pathogen [77, 79]. The process
was operated continuously for 3 months without clogging, degeneration, or con-
tamination problems, indicating long-term stability of the packed-bed bioreactor,
whereby a maximum bacteriocin productivity of 1.0 x 10’ AU/L d at a dilution
rate of 1.58 day ™' and pH 4.5 was observed. By using an analogue support for the
microorganisms, Xia et al. reported a space—time yield of 1.0 x 10" AU/L d for
the production of the bacteriocin nisin by Lactococcus lactis [80]. Application of
L. lactis immobilized on PCS tubes on an agitator shaft of a stirred-tank reactor
may support the productivity as indicated by Pongtharangkul and Demirci, who
reported a space—time yield of 5.4 AU/L h [81].

The production of f-lactam antibiotics such as Cephalosporin C is well known
and its chemical and biotechnological modification has been established for several
decades. The resulting final concentration obtained in fed-batch mode operation is
approximately 30 g/ with a corresponding productivity of 0.191 g/LL h [82].
However, a continuous process applying a biofilm set-up might support good
productivity due to the higher robustness of the microorganisms. A biofilm
approach for the production of Cephalosporin C was investigated by Srivastava and
Kundu [83]. They utilized sintered glass particles as biofilm support material in a
bubble column set-up and reported a productivity of 7.111 x 107> g/L h.
Compared to the value of the fed-batch process the obtained productivity is
approximately two orders of magnitude lower.

In particular within the field of marine biotechnology many strains were
identified that produce a certain antimicrobial secondary metabolite solely, when
the organisms are cultivated in a biofilm; i.e. , the exposition of bacteria and/or
fungi towards a surface is required for production of the target metabolite. Some
relevant examples are described in more detail in the chapter by Mitra et al. in this
edition of Advances of Biochemical Engineering/Biotechnology.
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3.1.5 Miscellaneous

Robustness of biofilms is a main argument for the application of biofilm reactor
systems to produce chemicals that are classified as toxic for the producing strain(s).
One fine chemical that was investigated over several years by the working group of
K. Buehler and A. Schmid from the University of Dortmund is styrene oxide. This
compound can be synthesized by Pseudomonas sp. biofilm from styrene. They
investigated several set-ups for optimizing the productivity of the biofilm system
and utilized ceramic and silicone membranes as support for the microorganism. An
efficient mass transfer of the product as well as substrate through the membrane
protects the attached growing Pseudomonas biofilm from inhibition. However, to
date, the biotechnological synthesis of styrene oxide is less efficient and econom-
ically feasible compared to chemical synthesis. The productivity of the system
immobilized on the silicone material was evaluated to 0.67 g/L h [42], whereas the
corresponding activity obtained by utilization of the inorganic material was esti-
mated to 1.2 g/l h [43]. This considerable increase in productivity is mainly
attributed to the modified set-up: the ceramic material allows an aeration of the
biofilm. Due to aeration the oxidation of the organic substrate is facilitated.
Another interesting approach is the use of phototrophic biofilms to produce
hydrogen. Whereas microalgae and cyanobacteria produce oxygen- and energy-
rich compounds due to metabolization of carbon dioxide and water when illumi-
nated with light of appropriate wavelengths, these organisms are able to produce
H, under anaerobic conditions. For instance, Zhang et al. described a novel
groove-type photobioreactor for hydrogen production by immobilized Rhodo-
pseudomonas palustris CQK 01. In comparison to a commonly used flat-panel
photobioreactor, a significant increase of hydrogen production rate of 75 % was
observed [84] and the corresponding value was estimated to 3.816 mmolyygrogen/
m? h. They assume that the higher production rate is attributed to the enriched
immobilized biomass inside the reactor system. Alternatively, hydrogen can be
produced by fermentation of sugars, applicable as supplements in complex media
or resulting from hydrolysis of complex carbons, whereas the theoretical pro-
ductivity is 4 molyydrogen/MOlgiucose- Zhang et al. applied a mesophilic unsaturated
flow (trickle-bed) reactor for H,-production via fermentation of glucose [85]. The
reactor consisted of a column packed with glass beads and was inoculated with a
pure culture of C. acetobutylicum. By supplementing a defined medium containing
glucose, a specific H,-production rate from 680 to 1,270 mL/ggjycose per liter of
reactor (total volume) was obtained. The yield of H, was indicated as 15-27 %, in
comparison to the above-mentioned theoretical limit. Main by-products in the
liquid effluent were acetate and butyrate. After a process time of 60—72 h the reactor
became clogged with biomass, hence a manual cleaning of the system was nec-
essary. The authors indicated that it is desired to apply this reactor technology for
H, recovery from pre-treatment of high carbohydrate-containing wastewaters. Van
Groenesteijn et al. operated on a 400-L scale and used a TBR for the production of
hydrogen with the thermophile Caldicellulosiruptor saccharolyticus under non-
axenic conditions [86]. They yielded 2.8 mol H, per mole hexose converted,
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whereby the reactor was fed with a complex medium with sucrose as the main
substrate. The reactor was continuously flushed with nitrogen gas, and operated at
73 °C. A volumetric productivity of 22 mmol Ho/Lgiierpeq h was reported. Methane
production was negligible and the main by-products in the liquid phase were acetic
acid and lactic acid.

3.2 Prospective Applications of Biofilms in Biotechnological
Production Processes

In the previous sections the state of the art of products accessible by biofilm
approaches was described. Here, a brief overview of potential (industrial) appli-
cations of biofilms is given.

A prospective application might be the construction of self-regulating biofilms,
where the targets (e.g., proteins or bioactive compounds) are produced after
induction via microbial communication. Thus, the cells are growing, while
producing the communication molecules, and after reaching a defined threshold
concentration the production or biotransformation process is (automatically) swit-
ched on by their own. Furthermore, exploitation of quorum-sensing circuits could
be used to control the biomass within a bioreactor system. Here, the population
density may be regulated, due to induction/expression of a toxic compound after cell
density has reached a defined threshold concentration. Via tuning of the sensitivity
of the communication circuit a constant cell density could be maintained in the
biofilm bioreactor. Hence, blocking might be prevented by the biological system
itself. This principle is not restricted to biofilms, hence cultivation of suspended
microorganisms may also benefit by exploitation of the relevant quorum-sensing
circuits. More information about the potential utilization of self-inducing systems
within different biotechnological processes was recently highlighted by Choudhary
and Schmidt-Dannert and can be found elsewhere [87].

Common bioprocesses are done under axenic conditions, in which a single
species is cultivated to produce the desired compound. Herewith the manufacturing
guidelines are much more easily fulfilled in comparison to bioreactions where two
or more species are cultivated together for production of the target. But co-culti-
vation may be beneficial in particular for the recombinant production of proteins.
Thus, each single species produces a fragment and, after combination of the dif-
ferent fragments, the relevant protein is obtained. According to the reduction of the
metabolic stress of each single-used organism, the productivity may be higher than
the expression of the complete system by one species. This approach may be very
powerful in combination with the prospective self-inducing systems mentioned
above.

Proper growth and productivity of microorganisms are restricted to the avail-
ability and supply of water. However, many organisms, such as the diverse group of
terrestrial cyanobacteria, have adapted to arid conditions. Hence they can grow with
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a minimum of water, and they protect themselves from desiccation by production of
an EPS matrix (e.g., [58]). As mentioned in Sect. 2.2.6, these microorganisms can
be grown in an aerosol atmosphere and after reduction of the water supply an
enhanced production of EPS can be observed. Because some cyanobacteria
co-produce bioactive metabolites during generation of the matrix, the EPS can be
considered as a valuable source for recovery of several novel secondary metabolites
featuring, for example, anti-inflammatory or antiviral activity. The application of
biofilms for cultivation of organisms in a gaseous phase is not restricted to
phototrophic organisms, which must be optimally supplied with carbon dioxide. In
fact such a cultivation mode may be used in principle for several production
processes, where a gaseous phase contains the substrate(s).

The productivity and production pattern (including the variation of the product
spectrum) of microorganisms is affected by the presence of surfaces. But to date it is
still unclear if the productivity can be tuned due to exposition of the organisms
towards surfaces exhibiting different structural motifs. Within the Collaborative
Research Center funded by the German Research Foundation (Collaborative
Research Centre 926: “Microscale Morphology of Component Surfaces”) the
relationship between surface characteristics (morphology) and production pattern is
one currently investigated task. One major aim of this project is to establish novel
components for biofilm reactors that may act as biofilm support materials stimu-
lating adhesion as well as productivity of the attached growing microorganisms.

4 Summary and Outlook

Microorganisms growing in biofilms have proven their potential for several pro-
duction processes concerning bulk and fine chemicals on a lab scale. Whereas
large-scale processes are reported for multispecies biofilms in wastewater and
sewage treatment, the number of full-scale applications in terms of productive
biofilms is quite low. One major difficulty of transferring the biofilm from the lab to
a larger scale is that the construction of the biofilm depends on many factors; for
example, the biofilm properties commonly vary between two experiments. How-
ever, compared to standard cultivation techniques the application of biofilms for
manufacturing value-added compounds is still in its infancy. It can be expected that
some of the examples mentioned within this review may become transferred from
the lab to a pilot plant. According to their robustness and long-term stability
biofilms can be assumed to be very prospective in processes with fluctuating input
streams. A major problem during operation of biorefineries are input streams whose
composition is dependent on many environmental parameters, such as season of
harvesting of the raw materials as well as storage and pretreatment. The utilization
of biofilms may help to tackle these bottlenecks of classical fermentation tech-
nology. Moreover, the availability of novel biofilm support materials may com-
plement the number of parameters to control a production process. Therefore, the
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research on carrier geometries and materials applied for establishing reproducible
biofilm processes must be extended to achieve these goals within the near future.
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Microbial Biofilms
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Abstract This review is a retrospective of ecological effects of bioactivities
produced by biofilms of surface-dwelling marine/intertidal microbes as well as of
the industrial and environmental biotechnologies developed exploiting the
knowledge of biofilm formation. Some examples of significant interest pertaining
to the ecological aspects of biofilm-forming species belonging to the Roseobacter
clade include autochthonous bacteria from turbot larvae-rearing units with
potential application as a probiotic as well as production of tropodithietic acid and
indigoidine. Species of the Pseudoalteromonas genus are important examples of
successful surface colonizers through elaboration of the AlpP protein and anti-
microbial agents possessing broad-spectrum antagonistic activity against medical
and environmental isolates. Further examples of significance comprise antiproto-
zoan activity of Pseudoalteromonas tunicata elicited by violacein, inhibition of
fungal colonization, antifouling activities, inhibition of algal spore germination,
and 2-n-pentyl-4-quinolinol production. Nitrous oxide, an important greenhouse
gas, emanates from surface-attached microbial activity of marine animals. Marine
and intertidal biofilms have been applied in the biotechnological production of
violacein, phenylnannolones, and exopolysaccharides from marine and tropical
intertidal environments. More examples of importance encompass production of
protease, cellulase, and xylanase, melanin, and riboflavin. Antifouling activity of
Bacillus sp. and application of anammox bacterial biofilms in bioremediation are
described. Marine biofilms have been used as anodes and cathodes in microbial
fuel cells. Some of the reaction vessels for biofilm cultivation reviewed are roller
bottle, rotating disc bioreactor, polymethylmethacrylate conico-cylindrical flask,
fixed bed reactor, artificial microbial mats, packed-bed bioreactors, and the Tanaka
photobioreactor.
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1 Introduction

Surface colonization is a universal phenomenon in marine systems. Microorgan-
isms frequently live as biofilm communities which are consortia of cells having
high density, contained in an extracellular matrix, and possessing microcolony
structures or other multicellular arrangements [1]. The intertidal zone, occupying
the upper margin of the world’s coastline, covers 1,600,000 km and comprises
rocky shores, sandy beaches, mudfiats, estuaries, salt marshes, mangrove forests,
coral reefs, and manmade civil structures. This region is an important coastal
habitat in terms of biological productivity and economic value [2]. Intertidal
microbial communities often exist as biofilms. Biofilms form protective micro-
environments in the changing environments of intertidal regions and support a
variety of microbial processes [3]. Complex and highly differentiated surface
microbial communities arise due to close spatial proximity of microbial cells
which produces specific intercellular communications. A highly competitive
environment due to space and nutrient limitation has forced the surface-dwelling
microbes to develop adaptive responses and antagonistic strategies to prevent
potential competitors occupying their habitat. During surface colonization of
eukaryotes, the function and composition of surface microbial consortia are
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significantly influenced by chemical communication and interactions between the
microbes and their eukaryotic hosts. Therefore, multiple factors define the prop-
erties and composition of a microbial surface community. The worldwide demand
for developing novel bioactives has projected the unique, interactive, and highly
diverse environment of marine and intertidal surfaces as a potential space for
biotechnological innovations [1].

Microbial ecology and biotechnology could be innately linked to each other:
microbial ecology providing the scientific basis for the processes aimed to attain
the realistic goals of biotechnology and biotechnological processes affording
fascinating ecosystems for microbial ecologists to investigate and evolve their
concepts and methodologies. One biological system in which there is a direct
association between the knowledge of the lifestyle of the marine organisms and
biotechnological applications therefrom is the biofilm. This two-way learning
process has proved successful in developing new methods for the prevention of
marine biofouling. This review is a retrospective of first, the investigations focused
on marine microbes living on surfaces and their bioactivities that have made them
successful colonizers, and second, the biotechnologies (industrial and environ-
mental) developed exploiting the knowledge of efficacious biofilm formation.

2 Ecological Perspectives

Microbial biofilms can be quite uneven in distribution in species as well as in
chemical composition. Monospecific biofilms can have complex as well as positive
or negative influences on marine flora and fauna attributed mainly to the pro-
duction of antibiotic compounds and stimulatory chemical signals. Chemical
compounds produced by microorganisms can alter biofilm structure by disrupting
or enhancing the growth of existing biofilms. They can induce or inhibit eukaryotic
larval settlement on living and nonliving surfaces [4]. In this section, some
examples of these complex relationships have been provided from the Roseobacter
clade and the genus Pseudoalteromonas. Nitrous-oxide—emitting marine biofilms
that can have profound effects on global warming form a separate subsection.

2.1 Biofilm Formation and Bioactivities of the Roseobacter Clade

Bacteria belonging to the Roseobacter clade are very efficient colonizers and both
attachment as well as biofilm formation has been associated with the ability of
members of the clade to grow in a “multicellular rosette shape” [5, 6]. In this
subsection some of the recent investigations on biofilm formation and the pro-
duction of bioactive compounds by different species of the Roseobacter clade have
been reviewed from the standpoint of microbial ecology.
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Bruhn et al. demonstrated that the culture supernatant of Roseobacter 27-4 was
inhibitory to the turbot egg yolk sac larval pathogens Vibrio anguillarum and
Vibrio splendidus [5]. Known antibacterial compounds, thiotropocin or its strongly
related precursor tropodithietic acid, were identified as the active principles.
A thick biofilm characterized by “multicellular star-shaped aggregated cells”
formed at the air-liquid interface when Roseobacter 27-4 was cultivated under
static growth conditions. Antibacterial activity was associated with the appearance
of a brownish pigment. Although aerated conditions increased cell yield 10-fold,
cultures were nonpigmented, grew as single cells, and no antibacterial activity was
observed. The star shape was critical for the organism to amass into a thick
biofilm. Detection of 3-hydroxy-decanoyl homoserine lactone in cultures of
Roseobacter 27-4 indicated quorum control of antibacterial production. Thus,
attachment and biofilm-forming characteristics may be pivotal for survival in the
marine environment. Roseobacter strain 27-4 was also obtained from aquaculture
tank walls where the identical subtype remained over one year [7, 8]. Potential use
of Roseobacter 277-4 as a probiotic culture should ensure that it is cultivated in
stagnant or adhered states.

Bruhn et al. developed a real-time PCR method that allowed direct quantifi-
cation of bacteria on a surface. Cell densities were determined by plate counting
and by real-time PCR. “Cycle threshold value (C7)” was the cycle at which
fluorescence achieved an identified threshold. It corresponded to the cycle at which
a statistically significant enhancement in fluorescence was first observed. Bruhn
et al. noted that the number of cycles required for the amplification-associated
fluorescence to attain a specific threshold level of detection (the Cr value) was
inversely related to the amount of nucleic acid present in the sample [9]. The
quantity of nucleic acid in the sample was proportional to the number of cells in
CFU/ml. Therefore, the lowest CFU/ml on agar plates having the lowest amount of
nucleic acid gave the highest C7 value and vice versa. Values of C7 and CFU/ml
were compared by linear regression and resulted in a linear correlation coefficient
(R?) of 0.991. The lowest Cy value obtained by the minimum treatment without
sodium dodecyl sulfate indicated the presence of the highest number of attached
cells on the surface [9]. The authors concluded that by applying species-specific
primers, this method should be useful in studying microbial surface colonization as
well as in quantitative evaluation of novel antifouling surfaces or newly described
cleaning and disinfection methods for removing attached bacteria.

Bruhn et al. further attempted to determine whether production of antibacterial
compounds and biofilm formation were common phenotypes found in strains of
the Roseobacter clade associated with the dinoflagellate, Pfiesteria piscicida, and
whether such activity occurred under defined growth conditions (static or shaken
cultures) and was associated with a specific rosette morphotype [10]. Silicibacter
sp. TM1040 and Phaeobacter (formerly Roseobacter) strain 27-4 produced the
highest amounts of antibacterial substances and their sterile filtered supernatants
were lethal to many non-Roseobacter marine bacteria. On the other hand,
Roseobacter strains were inhibited only when exposed to concentrated com-
pounds, thus implying the role of these compounds in annihilating competitors.
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Fig. 1 Tropodithietic acid (3-oxo-8,9-dithiabicyclo[5.2.0]nona-1,4,6-triene-2-carboxylic acid),
the active compound possessing antibacterial activity of Phaeobacter strain 27-4

Silicibacter sp. TM1040 cells attached among themselves forming rosettes and
produced antibacterial compounds when cultivated in a liquid medium under static
conditions. A spontaneous Phaeobacter 27-4 mutant incapable of forming rosettes
also could neither develop into a biofilm nor produce antibacterial compounds,
suggesting the importance of rosette formation. In 8 of 14 Roseobacter clade
strains examined, rosette formation was noted and was very high under static
growth in 5 of these strains. Strains able to form rosettes were 13-30 times more
efficient in attaching to glass compared to strains where rosette formation was not
observed by Bruhn et al. [10].

The active compound of Phaeobacter strain 27-4 possessing antibacterial
activity (Fig. 1) was tropodithietic acid (TDA) [5, 11]. Silicibacter sp. strain
TM1040 also yielded an antibacterial compound and production in both strains
was correlated with the elaboration of a brown pigment. TDA contains two sulfur
atoms, which is of interest because bacteria of the Roseobacter clade can
metabolize dimethylsulfoniopropionate (DMSP) produced by algae and dinoflag-
ellates [12] which is linked to sulfur cycling in the ocean. DMSP was utilized
through the demethylation pathway in Silicibacter sp. strain TM1040 and sulfur
from DMSP may be employed in the synthesis of TDA [13]. The ability to syn-
thesize TDA, a compound having an unusual seven-member aromatic tropolone
ring backbone was demonstrated in several Roseobacter genera including Rue-
geria and Phaeobacter species and is an effective model for Roseobacter sec-
ondary metabolite production [14, 15]. D’Alvise et al. [16] enquired if
concentrations of bis-(3'- 5')-cyclic dimeric guanosinmonophosphate (c-di-GMP)
inside Ruegeria mobilis cells could be correlated with transitions between biofilm
and planktonic modes of growth of this bacterium. In bacteria this compound
generally functions as a second messenger regulating biofilm formation [17].
Through genome sequencing, plasmid-directed manipulation of genes, chroma-
tography, and mass spectrophotomeric studies, D’Alvise et al. concluded that
biofilm formation in R. mobilis and associated phenotypic characteristics, in par-
ticular, TDA production, were c-di-GMP controlled [16].

Porsby et al. demonstrated that Roseobacters displaying inhibitory activity against
Vibrio anguillarum colonized a Danish turbot larval farm [18]. The production
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unit consisted of a fish tank, water cleaning system, and tank with copepod cul-
tures. A bag containing the algal cultures also formed a part of the production unit;
however, the significant difference was that the bag did not have a surface for
attachment of cells that the other three components had. A total of 43 samples
collected from the Danish turbot larval farm were screened and 100 isolates were
found to have antagonistic activity against V. anguillarum. There were 54 isolates
that showed antagonism in both spot and well diffusion assays, 51 of which were
identified as members of the Roseobacter clade. The remaining 46 isolates showed
inhibitory activity in spot assay only and 38 of them were acknowledged as Vibrio
spp. Through phylogenetic analyses it was shown that Phaeobacter inhibens and
Phaeobacter gallaeciensis-like strains were encountered in fish tanks, water
cleaning systems, and tanks with copepod cultures of the production site, whereas
Ruegeria mobilis or Ruegeria pelagia were present in algal cultures kept in bags.
Ruegeria species were naturally occurring in the water from the Danish fiord and
not present as a contaminant or inoculated in the bags containing the algal culture.
Phaeobacter sp. demonstrated greater inhibitory activity against 17 microbes of the
larval unit than Ruegeria sp. When cultivated under shaking and static conditions,
Phaeobacter sp. produced TDA and a brown pigment and inhibited Vibrio an-
guillarum. Ruegeria sp., however, exhibited these three properties only under a
static condition similar to the studies [5, 10]. Phaeobacter sp. reported in this study
would be more suitable for practical application as a fish probiotic organism than
the Phaeobacter strain 27-4 [5, 10] as few regions of an aerated fish tank would
have static fluid conditions [18]. The subtypes of Roseobacter isolates of the pro-
duction site (Pheobacter) differed from the isolates of the bags with algal cultures
(Ruegeria) which established the fact that there was a tendency to grow and inhabit
specific niches by particular subtypes or they may have been established randomly
and continued to grow at that site [18].

Roseobacters are generally recognized to synthesize a multitude of secondary
metabolites [5, 19-22]. However, genomic investigations by Newton et al. [23]
showed that most sequenced Roseobacters lacked the TDA biosynthesis pathway
usually considered as the Roseobacter secondary metabolite production model
pathway [14, 15]. Against this background, Cude et al. [24] reported for the first
time, synthesis of the blue pigment indigoidine (Fig. 2) by Phaeobacter sp. strain
Y41 through a nonribosomal peptide synthase (NRPS)-based biosynthetic pathway
coded by a sequence of linked genes, igiBCDFE. Cude et al. correlated indigoidine
production by Y41 to growth inhibition of Vibrio fischeri, a hitherto unknown
bioactivity of indigoidine [24]. This property provided Y41 a competitive
advantage over V. fischeri during surface colonization. When cells were grown
planktonically, production of indigoidine was, however, ineffectual. Furthermore,
pleiotropic effects of the pigment were demonstrated through indigoidine offering
protection to Phaeobacter sp. strain Y41 from reactive oxygen species as well as
contributing to swimming motility and surface colonization. Phenotypic obser-
vations were supported by gene expression studies, in particular, upregulation of
igiD when Y41 grew as biofilms compared to planktonic cultures.
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Fig. 2 The blue pigment indigoidine [(5E)-3-amino-5-(5-amino-2,6-dioxopyridin-3-ylidene)pyr-
idine-2,6-dione] produced by Roseobacter Phaeobacter sp. strain Y41

2.2 Biofilm Formation and Bioactivity
of the Pseudoalteromonas Genus

Species of the genus Pseudoalteromonas are generally found associated with marine
eukaryotes and display antibacterial, agarolytic, and algicidal activities. Several
Pseudoalteromonas isolates specifically deter the settlement of common marine
fouling organisms. Production of a variety of compounds lethal against many
competitor organisms is a distinctive characteristic of this genus. Thus, Pseudoal-
teromonas cells are advantaged in their contest for nutrients and space and coloni-
zation of surfaces, and are protected against predators grazing at surfaces [25].
The most widely investigated species in the genus Pseudoalteromonas is the
green-pigmented Gram-negative gamma-proteobacterium P. tunicata. Surfaces of
the marine plant Ulva lactuca are colonized by this bacterium and it produces at
least five novel inhibitory compounds [26]. A 190-kDa multisubunit antibacterial
protein named AlpP was produced by a marine bacterium D2 (P. tunicata) that was
isolated from the surface of the ascidian larvae, Ciona intestinalis. The protein was
effective against Gram-negative and Gram-positive bacteria occurring in a variety
of environments. AlpP protein was shown to be released during the stationary
growth phase of D2. The protein contained at least two subunits (60 and 80 kDa),
which were linked together by noncovalent bonds [27]. Rao et al. noted that
expression of iron uptake and AlpP in P. tunicata was controlled by a ToxR-like
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regulon [26]. AlpP was autoinhibitory to P. tunicata itself, therefore its ecological
role was questionable. Rao et al. contemplated that during biofilm growth of
P. tunicata, AlpP might provide a competitive edge over competitors [26].

Rao et al. further investigated whether P. tfunicata was a superior competitor in
comparison to other bacteria isolated from U. lactuca [26]. In pure culture and
within 72 h, all marine isolates developed into biofilms containing microcolonies.
P. tunicata in mixed-species biofilm with the competitor, Pseudoalteromonas
gracilis, coexisted with P. gracilis until the competitor was insensitive to AlpP.
Microcolony formation may improve an organism’s capacity to compete against
P. tunicata and its persistence [26]. Roseobacter gallaeciensis, however, demon-
strated potent inhibitory activity against P. tunicata, outcompeted it and produced
a biofilm. The AlpP (minus) mutant of P. funicata was less competitive when
placed into pre-established biofilms, signifying that AlpP played a role during
competitive biofilm formation [26].

Barja et al. [28] reported that Alferomonas species (later reclassified as
Pseudoalteromonas) isolated from seaweed produced low-molecular-weight
(molecular weights less than 2 kDa) thermolabile inhibitors whereas strains iso-
lated from seawater produced high-molecular-weight antibiotics such as a glyco-
protein (molecular weight 90 kDa) purified from strain P-31. These compounds
presented broad-spectrum antagonistic activity against medical and environmental
isolates and their role in the prevention of surface-colonizing competitors was
implicated [28].

It may be anticipated that chemical defenses in biofilms would offer vital
protection against predators. Planktonic populations would be expected to depend
on defense mechanisms such as cell morphology or escape and chemical defenses
would be less important [29]. Matz et al. compared the occurrence and effec-
tiveness of chemical defenses in biofilms versus planktonic populations of marine
bacteria [29]. By examining growth and survival of two common bacterivorous
nanoflagellates (Cafeteria roenbergensis and Rhynchomonas nasuta), Matz et al.
demonstrated that chemically mediated defense against protozoan predators was
common among marine bacterial biofilms. The authors further showed that the
purple pigment violacein (Fig. 3), an L-tryptophan—derived alkaloid consisting of
three structural units, 5-hydroxyindole, 2-pyrrolidone, and oxindole was respon-
sible for the antiprotozoal activity of Pseudoalteromonas tunicata biofilm [29].
Antiprotozoal activity was also elicted by violacein derivative deoxyviolacein that
was produced at a 3-fold lower concentration compared to violacein. As discussed
by Matz et al. [29], cellular extracts of the f-proteobacterium Chromobacterium
violaceum were the first described source of violacein [30]. An 8-kb region coding
a presumed biosynthetic gene cluster comprising five open reading frames in the
P. tunicata genome showed high predicted amino acid sequence similarity to the
violacein operon vioABCDE of C. violaceum [31, 32].

Franks et al. tested the ability of P. funicata to inhibit fungi [33]. During surface
colonization of the green alga Ulva australis, P. tunicata was afforded a com-
petitive advantage over the marine yeast Rhodosporidium sphaerocarpum through
production of an antifungal compound. This yellow-pigmented broadspectrum



Ecological Roles and Biotechnological Applications 171

HO

HN
NH

~ N\

NH

o)

Fig. 3 Defensive metabolite violacein (5-(5-hydroxy-3-indolyl)-3-(3-oxinodolylidene)-2-oxo-
pyrroline), the purple pigment eliciting antiprotozoal activity of Pseudoalteromonas tunicata

inhibitory compound (YP1) disrupted an already established fungal biofilm by
reducing the number of surface-attached yeast cells. Franks et al. [33] further
reported that a long-chain fatty acid-coenzyme A ligase was implicated in its
production. YP1 produced by P. tunicata possesses a 2, 2-bipyrrole ring system
with an unsaturated 12-carbon alkyl chain. It is a member of the tambjamine class
of compounds and was the first reported natural tambjamine with an unsaturated
alkyl chain. YP1 was previously isolated from eukaryotes in the marine envi-
ronment and was reported to exhibit antimicrobial activities. It may be considered
that activation of long-chain fatty acids was essential for the elaboration of an
active antifungal metabolite. The yeast test strains were of industrial, agricultural,
and medical importance and their growth inhibition by P. tunicata opens possi-
bilities for their biotechnological applications.

To determine the level of antifouling activities and the production of bioactive
compounds within the genus Pseudoalteromonas, 10 Pseudoalteromonas species
derived mostly from various host organisms were examined in a number of bio-
fouling assays [34]. The growth of the initial fouling organisms (bacteria and
fungi) on marine surfaces was assayed in the presence of the 10 Pseudoaltero-
monas species. Further assays included the settlement of invertebrate larvae
(Hydroides elegans and Balanus amphitrite) and settlement of Ulva lactuca and
Polysiphonia sp.spores. P. tunicata inhibited all target fouling organisms whereas
Pseudoalteromonas haloplanktis and Pseudoalteromonas nigrifaciens demon-
strated feeble activity in the bioassays.

Production of bioactive compounds was correlated with the expression of pig-
ment. The antibacterial compound produced by P. funicata was a high molecular
mass protein (190 kDa in size) consisting of two subunits and the effect was bac-
tericidal, not bacteriostatic. Pseudoalteromonas luteoviolecea, P. tunicata, and
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Pseudoalteromonas aurantia were able to inhibit most of the Pseudoalteromonas
species as well as other marine epiphytic bacteria and nonmarine strains [34]. The
strong antagonistic activity displayed by the three species may provide a compet-
itive edge in the colonization of habitats in comparison to the other Pseudoalte-
romonas species. Six out of the ten species of Pseudoalteromonas encouraged the
attachment of H. elegans larvae. Three species partially inhibited larval settlement,
and P. tunicata showed complete inhibition of the larval surface attachment. The
antilarval compound obtained from P. tunicata was less than 500 Da in size, heat
stable, and polar. Four Pseudoalteromonas species strongly inhibited the settlement
of B. amphitrite larvae and none of the species stimulated larval settlement. In a
study by Egan et al., 56 marine isolates were tested for their ability to prevent spore
settlement of U. lactuca [35]. Inhibitory activity was demonstrated by biofilms of
13 isolates and 3 of these isolates, including P. tunicata, completely hindered spore
settlement. Biofilms of Pseudoalteromonas species were more effective against the
settlement of Polysiphonia spores compared to U. lactuca spores as demonstrated
by Holmstrom et al. [34]. Bacteria showing activity against the settlement of U.
lactuca spores were generally active against Polysiphonia sp. spores as well. This
suggested that analogous antialgal component(s) from different bacterial species
targeted more than one alga [34]. It is generally presumed that bacteria possessing
antibacterial activity also have the ability to produce antifouling compounds.
However, it is not known if these properties are related and if an exploration for
antibacterial activity can be considered a surrogate for searching antifouling
activity [36]. Bernbom et al. [36] reported the highest antifouling activity in the
biofilms of Pseudoalteromonas piscicida, Pseudoalteromonas tunicata, and
Pseudoalteromonas ulvae. P. piscicida killed the test strain Pseudoalteromonas
S91 in suspension cultures, whereas P. tunicate, P. ulvae, and P. aliena were not
bactericidal against S91 but prevented its adhesion. Thus, the authors concluded
that antibacterial activity was not a substitute for the antifouling effect. The alpP
gene, which is responsible for antifouling, was present only in P. funicata, therefore
the authors speculated that there may be other molecules or mechanisms through
which the other Pseudoalteromonas strains displayed antifouling activity. Bernbom
et al. [36] further reported that during their one-year screening program for bio-
active bacteria at 11 Danish coastal locations they found the numbers as well as the
natures of bacteria showing bioactivity to differ with respect to season and niche.

A survey of surface-dwelling antibiotic-producing bacteria from seaweed and
subsequent study of their antimicrobial potential against Staphylococcus, Alcalig-
enes, Pseudomonas, Vibrio, Pasteurella, and Achromobacter were carried out by
Lemos et al. [37]. From five species of green and brown marine algae, 224 bacterial
strains were isolated and screened for antibiotic production. Antimicrobial activity
was displayed by 38 strains and Enteromorpha intestinalis was the superior source
of producer strains. All epiphytic bacteria possessing antibiotic activity were
classified in the Pseudomonas—Alteromonas group. Antagonism was demonstrated
among the isolates: one producer strain inhibiting growth of other producers and
other nonactive strains isolated from seaweed. Preliminary characterization of the
antimicrobial substances showed that they were low-molecular-weight compounds,
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thermolabile, anionic, and resistant to proteolytic enzymes. Furthermore, Lemos
et al. showed that the antibiotic substances remained strongly bound in the peri-
plasmic space after excretion [37]. Ecologically, fast discharge of antibiotic sub-
stances by producer epiphytic bacteria would not confer any competitive benefit to
them as the inhibitors would be instantly washed away by the surrounding seawater.
In contrast, if antibiotics remained bound to cells, they would be excreted gradually
and continually to the immediate environment, thus inhibiting colonization by
competitors on the algal surface.

Bacterium-bacterium interactions occur at micrometer spatial scales and
antagonism is an interaction in such microenvironments. Long et al. developed a
model system on the antibiotic-producing Alteromonas isolate (SWATS) obtained
from a marine particle and its dominant antibiotic, 2-n-pentyl- 4-quinolinol (PQ) to
investigate the significance of this antimicrobial in antibiosis and carbon cycling
on particles [38]. Production of PQ by SWATS5 was observed only on surfaces and
when the isolate was cultivated in polysaccharide matrices. PQ diffused within the
matrices but not into the proximate seawater. Lemos et al. concluded that SWATS
possibly created a localized zone of high antimicrobial concentration on particles
suspended or sinking through seawater similar to the previous inference [37].
Bacterial respiration of exterminated bacteria was most sensitive to PQ, whereas a
higher concentration of PQ was required to inhibit DNA and protein synthesis as
well as bacterial motility. The structure of the bacterial community that colonized
and developed in the model particle system was influenced by PQ. Long et al.
noted that the particle-attached bacterium, such as SWATS may reduce the
“biochemical influence” that competing bacteria may show enzymatically on a
particle’s organic matter [38]. In the pelagic ocean, antibiosis may also play a role
in distribution of bacterial species at the microscale level [39].

Results of the investigation on antibiotic production by Pseudoalteromonas
rubra (previously Alteromonas rubra, isolated from the Mediterranean waters off
Nice, France) indicated that maximum antimicrobial activities were observed on
hydrophilic surfaces, and the number of attached cells was higher on hydrophobic
surfaces [40]. Ivanova et al. demonstrated that the degree of substratum hydro-
phobicity influenced the production of antibacterial metabolites [41]. The highest
antimicrobial activity was observed on hydrophilic surfaces notwithstanding the
abundance of attached Pseudoalteromonas cells on hydrophobic surfaces. In
response to environmental variables and stimuli present outside the cell, the
elaboration of antimicrobial activity may be increased or decreased. Holmstrom
and Kjelleberg [25] supported the conclusions of Ivanova et al. [41].

Before beginning the next subsection, it would be interesting to note the dis-
similarities in colonization strategies demonstrated by the epiphytic bacteria of the
Roseobacter clade and Pseudoalteromonas genus. Biofilm-forming marine bacteria
Pseudalteromonas tunicata and Roseobacter gallaeciensis are often found asso-
ciated with the Ulva australis surface. They are believed to protect the host plant
against common fouling organisms by producing inhibitory compounds. Rao et al.
[42] investigated the factors influencing the surface attachment and colonization of
U. australis by P. tunicata and R. gallaeciensis. Rao et al. further studied the
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competitive interactions occurring between the two bacteria and other isolates of U.
australis during biofilm formation on the plant surface. Although R. gallaeciensis
was able to colonize U. australis under all conditions tested, colonization by P.
tunicata was specifically enhanced by high cell densities, dark inoculation, inter-
actions with a natural seawater community, and presence of cellobiose. It may be
noted that cellulose is the main surface polymer of U. australis. The epiphytic
habitation of R. gallaeciensis was attributed to its selective utilization of a number
of carbon sources unavailable to competing strains as well as to the production of
antibacterial compounds and signaling molecules. When a pre-established biofilm
was challenged with P. funicata, it resulted in the cohabitation of competitors
partially due to the defensive activity of microcolonies that resisted invasion.
Metabolically active cells at the outer edge of the microcolony died whereas cells in
the deeper regions of the biofilm were protected from the antibacterial activity as a
result of the diffusion gradient in microcolonies. Coexistence of competing strains
was also due to limited nutrients on the U. australis surface that led them to occupy
distinct niches on the plant. R. gallaeciensis, on the other hand, was not hindered by
low-nutrient conditions and was able to attack and annihilate competing strains,
indicating that its antibacterial substance was able to spread through microcolonies.

2.3 Nitrous-Oxide (N,0): Emitting Biofilms

Following carbon dioxide and methane, nitrous oxide (N,O) is the third most
important greenhouse gas. In their article, Heisterkamp et al. [43] noted that the
atmospheric concentration of N,O is swiftly increasing, contributing appreciably
to global warming as observed by the Intergovernmental Panel on Climate Change
[44] and to the depletion of the stratospheric ozone layer as noted by Ravishankara
et al. [45]. Heisterkamp et al. [43] commented that fertilized soils and coastal areas
that are characterized by high input and turnover rates of inorganic nitrogen are
considered as principal sites of N,O emission [46]. Heisterkamp et al. [43] further
observed that in coastal sediments and rock biofilms, due to high riverine input of
nitrogen coupled with microbe-mediated nitrogen conversions, N,O production is
further increased [47]. Heisterkamp et al. [43] noted that nitrous oxide is also
emitted by earthworms and freshwater invertebrates [48], and a dense population
of filter- and deposit-feeding invertebrates [49] with exposure to high nitrate
concentrations [50] that make coastal marine sediments active regions of N,O
emission. In their study, Heisterkamp et al. [43] investigated N,O emission
capacities of marine invertebrate species found in the coastal sediments of the
North Sea and Baltic Sea and of the aquacultured shrimp Litopenaeus vannamei.
Animal-associated N,O production was strongly related to body weight, habitat,
and exoskeletal biofilms. Heisterkamp et al. [43] reported that N,O emission by
the snail Hinia reticulata with an intact exoskeletal biofilm was approximately 3.5
times more than by a snail without the biofilm. Thus, N,O production associated
with marine invertebrates was not always due to gut denitrification, but may
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originate from microbial activity on the external surfaces of the animal. The
microbial pathway for biofilm-associated N,O production was not identified.
Heisterkamp et al. [43] remarked that oxygen availability inside the biofilm would
determine if nitrification or denitrification or both would contribute to the pro-
duction of N,O [51]. Ammonium from animal excretion or nitrate from the water
column, or both could be the sources of N,O production in the exoskeletal biofilm.
Furthermore, nitrification and denitrification would probably be coupled if an
oxic—anoxic transition zone prevailed in the biofilm [52].

The next study by this group showed that 18-94 % of the total animal-associated
N,O emission arose from shell biofilms of Mytilus edulis, Littorina littorea, and
Hinia reticulata possessing different lifestyles [53]. Nitrification and denitrification
contributed equally to N,O emission from shell biofilms and both processes occurred
in biofilms as a result of heterogeneous oxygen distribution. N,O production in shell
biofilms of the three mollusc species were supported by ammonium, nitrite, and
nitrate. The animals provided a nutrient-enriched microenvironment, in particular
ammonium excretion, that stimulated growth and sustained N,O production of the
shell biofilm. Heisterkamp et al. [53] demonstrated that when H. reticulata was still
living inside the shell, biofilm on the shell surface exhibited the highest N,O emission
rates. N,O production originated from the shell biofilm of M. edulis whereas N,O
production by gut denitrification was negligible although M. edulis is known to be a
very proficient filter-feeder that ingests large numbers of bacteria and is capable of
high N,O production in its gut [48]. Heisterkamp et al. [53] reasoned that most of the
ingested bacteria may be digested by the high gut lysozyme activity of M. edulis and
N,O would not be produced due to inhibition of denitrification.

Svenningsen et al. [54], using the freshwater bivalve Dreissena polymorpha (zebra
mussel) as the model organism, quantified the biofilm-derived N,O production and the
mechanism(s) thereof. Svenningsen et al. [54] reported that the shell biofilm con-
tributed approximately 25 % to the total N,O emission from this species. The mussel
gut is oxygen depleted, so denitrification would be induced by denitrifiers whereas
ammonia oxidation would be repressed by ammonia oxidizers in the gut. As mussel
biofilms were relatively thin and presumably fully oxic, N,O would therefore be
produced mainly by nitrification, and denitrification would be repressed. However,
high nir gene (coding for nitrite reductase) abundance implied that denitrification
might contribute to N,O production if anoxic microsites developed within the biofilm.

2.4 Antimicrobial and Auxin-Producing Biofilms

Wilson et al. tested whether antimicrobial activity of biofilm cultures is directed
towards competing bacteria found in those biofilms [55]. Fourteen of the 105
marine isolates collected from marine invertebrate, algae, and gravel surfaces were
found to possess antimicrobial activity when cultivated as biofilms. The strength
and spectrum of activity were greater when isolates were grown as biofilms
compared to cultivation as shaken cultures. Supernatants of biofilm cultures from
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11 of the 13 isolates demonstrated activity in organic phases of varying polarity
signifying the presence of multiple antibiotic molecules of different polarities. Six
isolates showed activity against Shewanella sp. in hexane, dichloromethane, and
ethyl acetate extracts and five isolates displayed activity against Shewanella sp. in
the aqueous phase. Wilson et al. [55] thus concluded that biofilm-forming marine
bacteria were active against competing bacteria in biofilms.

Two species of gliding bacteria were isolated from a marine biofilm and identified
as members of the genus Cytophaga [56]. Colony expansion of one isolate (RB1058)
was inhibited by the other (RB1057) through production of an extracellular inhibitor
that prevented adhesion of RB1058 to substrata and its gliding activity. Burchard
and Sorongon [56] characterized the inhibitor as a glycoprotein with 60-kDa
apparent molecular mass. The metabolic cost of synthesis and export of a 60-kDa
glycoprotein by RB1057 would be substantial and thus its biosynthesis should be of
high ecological significance. The high-molecular-weight substance would diffuse
relatively slowly through the biofilm’s channels and would therefore more likely be
retained in the proximity of the producing bacteria than a low-molecular-weight
secondary metabolite. Similar mechanisms for antimicrobial substances to be eco-
logically effective were demonstrated in Pseudoalteromonas [37, 38].

Kerkar et al. [57] noted that the natural auxin produced by plants, algae,
mosses, and lichens is indole-3-acetic acid (IAA). Soil rhizosphere bacteria
associated with plants are known to produce IAA. Physiological effects of IAA on
plants and its role in plant-microbe interaction has been studied by Patten and
Glick [58]. However, few studies have been carried out on IAA-producing bacteria
found in association with aquatic biofilms and their contribution towards growth of
biofilms [57]. Kerkar et al. reported rapid growth of biofilm mats formed in sal-
terns of the Indian west coast during the monsoon. The heterogeneous population
of the biofilm comprised mainly green algae, blue green algae, Euglenophyceae,
and diatoms. Four types of green algae (viz. Pediastrum duplex, Oedogonium sp.,
Cladophora sp., and Spirogyra exiles), three blue green algae (Phormidium sp.
(corium), Phorimidium sp. (ambigeum), and Oscillatoria sp.), and one type of
Euglenophyceae (i.e., Phacus sp.) were reported. The diatoms comprised Pleu-
rosigma sp. and Navicula sp. Among the 125 bacteria recovered from biofilms, 16
produced IAA whereas four isolates therefrom, in the presence of tryptophan,
consistently produced high amounts of IAA. The IAA-producing bacteria were
Aeromonas aquariorum, Pseudomonas alcaliphila, Vibrio diazotrophicus, and
Pseudomonas pachastrellae. IAA produced by biofilm-associated bacteria func-
tions as a chemical messenger between microorganisms [59].

3 Industrial and Environmental Bioprocesses

It is generally observed that surfaces of inanimate structures (buildings, ships)
immersed in the sea swiftly become covered by a microbial biofilm. This is fol-
lowed by colonization by larger organisms leading to macrofouling of the surfaces.
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The majority of marine organisms, although covered with a thin film of epibiotic
bacteria, are not fouled by macrorganisms. These epibionts impart protection to
the host organism by releasing compounds that prevent macroorganisms from
contaminating the surface. Interestingly, these epibionts may also have industrial
and medical applications such as the production of antimicrobial or antifouling
compounds [60]. Furthermore, a shift in the mode of culture from suspension to
surface culture affects the type and quantity of compounds produced. Armstrong
et al. noted that surface-grown bacteria released bioactive compounds with higher
activity against target strains in comparison to those obtained from the same strain
cultivated in the planktonic mode [60]. Thus, surface-dwelling bacteria of seaweed
may produce greater amounts of compounds protecting the seaweed exterior from
further fouling. The enhanced expression of biosynthetic genes is responsible for
bioactive compound production, in a manner similar to increased extracellular
polysaccharide gene expression which is also necessary for bacterial surface
colonization. Wilson et al. [55], citing the literature [1, 60, 61], noted that the
molecules produced by successful bacterial surface colonizers that prevent
attachment, growth, and survival of competing organisms hold antifouling or
antimicrobial properties. Colonization of competing organisms is hindered by
antifouling molecules, whereas antimicrobial action results in the death of com-
peting bacteria. Thus, ecological considerations directed the exploration of bio-
technological applications of biofilm-forming microbes for antifouling and
antimicrobial activities, with which this section begins. Applications of marine and
intertidal biofilms in production of antimicrobial and cytotoxic compounds, exo-
polysaccharides, enzymes, melanin, riboflavin, and aquaculture feedstock as well
as in bioremediation and microbial fuel cells are also described in the following
section.

3.1 Production of Antifouling and Biocontrol Agents

Ortega-Morales et al. [62] observed that biofouling is the reason for massive
damage to oceanic infrastructures such as ship hulls and offshore platforms,
contributing to financial losses [63]. Undesirable environmental effects of applying
broadspectrum biocides such as tributyl tin (TBT)—containing paints on marine
structures as well as unacceptable performance of antifouling coatings have
stimulated the search for natural, environmentally friendly products to tackle
biofouling [62, 63]. The International Maritime Organisation (IMO) agreed at its
London Assembly in November 1999 that TBT would be phased out between 2003
and 2008. According to Ortega-Morales et al. [62], although marine-algae—
derived natural compounds have been projected as novel antifoulants [64], it was
demonstrated that certain epibiotic bacteria living in relationship with higher
organisms (including algae) yield inhibitory extracellular compounds that inhibit
colonization of common fouling organisms and are thus helpful to host survival
[42]. Thus, within a microorganism—macroorganism association, chemical
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protection is provided to the host by the epibiotic biofilm without innate chemical
defense afforded by the host [62].

Ortega-Morales et al. screened biofilm bacteria able to produce novel natural
antifoulants [62]. Marine biofilm bacteria were isolated from the surfaces of turtle
grass leaves and limestone fragments. The nine isolates were cultivated in
planktonic condition in shake flasks containing yeast extract broth. The bacterial
biomasses as well as the fermentation broths were subjected to solvent extraction
to obtain the antifouling compounds. The common fouling bacterium, Halomonas
marina, and a crustacean, Artemia salina, were applied as test organisms to assay
antifouling activity of extracts of nine representative strains isolated from various
surfaces. Antimicrobial as well as toxic activities were detected in most of the
organic extracts. Molecular phylogeny revealed that the isolates were relatives of
Bacillus mojavensis and Bacillus firmus. Bioactive lipopeptides surfactin A, my-
cosubtilin, and bacillomycin D were identified as the active factors. As stated by
Ortega-Morales et al. [62], B. mojavensis was originally found in the soil of the
Mojave Desert, United States [65], and also reported to be an endophyte [66].
Therefore, Ortega-Morales et al. [62] speculated that this bacterium might have
been washed off into the coasts by terrestrial run-off. Halotolerance and exo-
polymer synthesis pointed towards an intertidal habitat of Bacillus mojavensis.

Bernbom et al. [67] examined the antifouling potential of different Pseudoal-
teromonas species in a system that simulated the natural marine environment. The
bacteria were further included into ship paints and their prospective antifouling
property was verified in a field situation. The authors [67] reported that P. pisci-
cida strains B39bio and A38q-4a and P. tunicata strain J38a-5a survived as bio-
films for 53 days in sterile seawater, although a 2.5-log reduction in CFU numbers
over time was observed. On the other hand, P. tunicata strains existed for only
7 days and none of the strains were detectable after 53 days. The authors [67]
further noted that after 7 days, the counts of culturable bacteria attaching to the
Pseudoalteromonas-precoated surfaces were higher compared to the control sur-
faces. In spite of this, after 53 days, seven of eight Pseudoalteromonas strains
under study had lowered bacterial adhesive capacity compared to the control. P.
piscicida, P. antarctica, and P. ulvae were detected on the surface as was found
initially, and P. tunicata was undetectable. P. tunicata strain J36q-4a prevented the
attachment of the test strain (S91) significantly, although the other three P. funi-
cata strains had minute antifouling effect against S91. The authors [67] concluded
that subject to the model organisms selected, marine bacteria may either deter or
draw other bacteria. Next, the authors included suspensions of P. piscicida and P.
tunicata into ship paints applied on plates at a test site in Jyllinge Harbor, Den-
mark. No disparities were noted between control and treated plates during the first
4 months. However, after 5-6 months fouling was observed on the control plates
but not on the plates coated with the Pseudoalteromonas-based paint. It was
concluded that antifouling effects were difficult to ascertain through laboratory
studies only. For better assessment of the prospective antifouling capacity of novel
agents or organisms, a blend of laboratory and field-based studies was recom-
mended [67].
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Holmstrom et al. [68] screened 40 marine bacterial isolates against laboratory-
reared barnacle larvae (Balanus amphitrite) and ascidian larvae (C. intestinalis) to
find bacteria with antifouling properties. A facultative, anaerobic, Gram-negative
bacterium (D2, mentioned previously) was isolated from the surface of C. intes-
tinalis. Biofilm was the source of the larvicidal activity and stationary-phase
biofilms possessed higher activity than developing biofilms. The biologically
active factor was a heat stable, <500 Da, polar, neutral, nonprotein compound
contained or bound to carbohydrate moieties.

Antagonistic activity of marine biofilm bacteria against terrestrial fungal plant
pathogens was studied by Ortega-Morales et al. [69]. Colletotrichum gloeospo-
rioides ATCC 42374 was inhibited by close relatives of Bacillus mojavensis and
Bacillus firmus. The active bacterial isolates were further challenged against C.
gloeosporioides, Colletotrichum fragariae, and Fusarium oxysporum in different
bacterial growth phases and cultivated in varying fungal nutritional conditions.
Susceptibility of the pathogens was dependent on fungal nutrition and time of
bacterial colonization. Bacillus sp. MC3B-22 proved to be a better antifungal
agent than the commercially available biocontrol strain Bacillus subtilis GO3,
which indicated its biotechnological potential, specifically, prevention of fungal
colonization on mango leaves. Epiphytic biofilms of Thalassia testidinum, a
marine sea grass, was the source of the most active isolate whereas the rest were
isolated from epilithic biofilms of the intertidal habitat. B. subtilis MC3B-22 was
antagonistic to C. gloesporioides independent of the colonization time (early,
simultaneous, and late). Ortega-Morales et al. [69] also established that the prin-
cipal polymeric material forming surface attachment structures is an extracellular
heteropolysaccharide previously known to be a metabolite of B. subtilis MC3B-22.
The authors concluded that terrestrial plant pathogens could be inhibited by bio-
film bacteria isolated from the fluctuating physical and chemical environments of
intertidal regions.

3.2 Production of Antimicrobial and Cytotoxic Compounds

Marine bacteria growing on algal surfaces and derived from intertidal regions of
Japan, were investigated as potential sources of novel bioactive compounds [70].
Kanagasabhapathy et al. [70] reported that several strains were active against
pathogenic as well as fouling bacteria. Molecular phylogenetic analysis identified
the epibiotic bacteria as members of the Bacillus genus similar to the results of
Ortega-Morales et al. [62]. Surface attachment was a significant factor affecting the
metabolism of marine epibiotic bacteria. Vandevivere and Kirchmann found that
addition of sand to shake flask cultures stimulated exopolymer synthesis by some
surface-attached bacteria and that attached cells produced higher amounts of exo-
polymer than planktonic cells [71]. Yan et al. [72] observed that shaken flask
cultivation did not provide the correct conditions of antimicrobial production by
surface-growing bacteria. The authors opined that the common laboratory method
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Fig. 4 Roller-bottle cross-section as described by Yan et al. [72] for cultivation of marine
epiphytic bacteria. Reprinted with permission from Springer

of agitated suspension cultures rendered artificial growth conditions to the organism
contrary to the natural environment from where the bacteria are sourced. Thus,
seemingly inactive surface isolates may be induced to produce bioactive com-
pounds through novel cultivation strategies by simulating the natural habitats of
microorganisms in “niche-mimicking” bioreactors. To this end, Yan et al. modeled
the epibiotic growth conditions in a “modified roller bottle” culture method [72].
Two epibiotic marine strains (preliminarily identified as Bacillus species) isolated
from the surface of marine alga Palmaria palmata were grown as a biofilm and
shown to produce antimicrobial substances (Fig. 4). The antibiotic spectrum varied
when the isolates were cultivated in the biofilm and suspension modes. Yan et al.
assumed that sustained production of the antimicrobial compounds was linked to
periodic exposure of the biofilm to the liquid medium and air.

Yan et al. [73] designed one more novel reactor, the “air-membrane surface”
(AMS) bioreactor for attached growth of bacteria as a biofilm in contact with air.
A surface-growing bacterium (Bacillus licheniformis EI-34-6) demonstrated
antimicrobial activity (identified as bacitracin) in the AMS reactor but not in shake
flask cultures. Surface-grown cells produced an unidentified red pigment not
detected in planktonically grown cells. Bacillus subtilis strain DSM10", applied in
cross-species induction experiments, and Bacillus pumilus strain EI-25-8, another
epibiotic isolate, were cultivated in the AMS reactor. Interestingly, spent media
obtained from beneath the membrane of the reactor after growing these two
strains, could stimulate production of antimicrobial compounds and a red pigment
in suspension cultures of B. licheniformis isolate EI-34-6, but was not observed
with shake flask culture spent media of DSM10T and EI-25-8. Yan et al. [73]
conjectured that compounds inducing bacitracin and red pigment production dif-
fused into the medium below the membrane and some of the compounds were
retained in the biofilm which facilitated accumulation of inducer compounds.
Accretion of inducer compounds in shake flask cultures was unlikely. Yan et al.
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further established that ferric iron, glycerol, and air—-membrane interfacial biofilm
growth were essential for production of bacitracin and red pigment by EI-34-6,
although the antimicrobial compound itself was not an inducer. Yan et al. [73]
surmised that the physical environment of the AMS bioreactor was crucial for
production of inducer compounds, which promoted bacitracin and red pigment
synthesis. The physical environment was no longer required once the inducer
compounds attained a threshold level.

Yan et al. [73] stated that the biofilm state is the preferred growth mode of surface-
dwelling bacteria in natural environments. Yan et al. maintain that heterogeneous
growth conditions may be expected in a biofilm [74] and microcolonies within the
biofilm can have pH gradients [75]. Yan et al. [ 73] further attest that uneven bacterial
starvation may occur due to constraints in substrate transport into the biofilm [76, 77],
phenomena not observed in suspension culutues. Consequentially, biofilm bacterial
metabolism is very dissimilar from that of suspension culture [78]. Cell density-
dependent signaling and gene expression mechanisms may be presumed within
biofilms as cell densities on the order of 10'*> CFU/cm® are frequently reached.
Following the accepted model of bacterial quorum sensing, Yan et al. [73] reasoned
that an increase in concentration of signal molecules above a threshold limit stim-
ulated a change in gene expression that led to an altered phenotype [37, 79].

Yang et al. [80] investigated the effect of agitation on the production of the
antimicrobial violacein by Pseudoalteromonas luteoviolacea, a surface-residing
marine bacterium isolated from the marine sponge Acanthella cavernosa. Static
growth conditions elicited the highest amounts of violacein whereas production
decreased with increasing agitation speed. It was also noted [80] that cells formed
clusters under stagnant conditions and higher agitation progressively separated
clusters into single cells, suggesting that bacterial aggregation may be essential for
violacein production by P. luteoviolacea. Yang et al. concluded that bacterial films
formed under static conditions of the culture broth had higher cell densities on
surfaces that might have triggered gene expression of certain inducers, as sug-
gested by Boettcher and Ruby [81] in a related fashion to that expressed during
extracellular polysaccharide production once bacteria attach to a surface [82]. The
conclusion of this study is similar to that of Yan et al. [72, 73] where changes in
the mode of culture, from suspension to biofilm affected the nature and amount of
compounds produced by biofilm-forming bacteria.

Nannocystis exedens, a gliding bacterium belonging to the J-Proteobacteria
class and isolated from the intertidal region of Crete, produced phenylnannolones
as secondary metabolites [83]. Phenylnannolone A possessed an unusual chemical
structure comprising an ethyl-substituted polyene chain linked to a pyrone moiety
on one side and to a phenyl ring on the other. The compound had promising
anticancer activity. Biofilm-based bioprocesses on this intertidal-dwelling organ-
ism would be of interest given the exciting advancements made in biofilm culti-
vations described earlier [62, 70, 72, 73].

As mentioned by Sarkar et al. [84], marine actinomycetes may be supposed to
have features different from terrestrial actinomycetes as the marine habitat is
completely dissimilar to the terrestrial environment. Novel chemical entities have
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emerged as a result of extensive screening based on culture-dependent, culture-
independent cultivation methods combined with the application of bioinformatics.
The culture-dependent approach of bioprospecting is based upon microbe isolation
from various geographic locations using taxon-selective isolation media and
sediment pretreatments, preliminary characterization, and dereplication of isolates
to avoid redundancy in screening. The culture-independent bioprospecting strategy
has relied on extraction of total bacterial or actinobacterial DNA from the envi-
ronment, cloning into surrogate hosts, identification of gene or gene cluster,
sequencing, dereplication, and community profiling with single-strand conforma-
tion polymorphism, denaturing gradient gel electrophoresis or terminal restriction
fragment length polymorphism, expression of the target gene or gene cluster, and
characterization of the desired activity. The bioinformatics-based strategy that can
be applied to explore novel compounds having actinobacterial properties are
taxonomy as a road map to genes and the discovery of three-dimensional taxo-
nomic space. According to Sarkar et al. [84] establishment of new marine genera,
Salinospora and Marinophilus, which are taxonomically distinctive members of
marine actinomycetes and the discovery of novel secondary metabolites therefrom,
have given new directions to marine natural product research [85-88]. Indian
investigators have identified the Bay of Bengal as a potential source of marine-
derived bacterial bioactive compounds [84]. Mukherjee and coworkers isolated
several microbes with novel bioactivities [89 and related references therein] from
the Sundarbans, the world’s largest tidal mangrove forest, off the Bay of Bengal.
Sarkar et al. [84] also noted that in the research domain of marine bacterial
antibiotic production, bioreactor engineering and design of bioprocesses have been
neglected. Although a plethora of novel compounds are being reported, most
cultivations were performed in shake flasks leading to poor understanding of
mechanisms underlying antibiotic production processes, thus impeding prospects
of commercial scale-up [90].

Inspired by the researches of Yan et al. [72, 73] and Yang et al. [80], a novel
reactor system, the “rotating disk bioreactor” (RDBR), was applied by Sarkar
et al. [84] to simulate the niche environment of three halotolerant estuarine ac-
tinobacteria isolated from the Sundarbans. Designed on the concept of a rotary
biological contactor (RBC), generally used in wastewater treatment (Fig. 5), the
RDBR supports the growth of surface-attached biofilms. The shaft of the RDBR on
which 10 discs are coaxially mounted was rotated at an ultra-low speed of one
revolution per day, 1,440 times lower than the 1.0-rpm speed used by Yan et al.
[72]. When the shaft is rotated with a half-filled tank with a liquid medium, any
given point on the discs would be exposed to air and submerged in the medium
alternatively for 12 h. The reactor thus mimicked the intertidal environment of the
location from where the actinobacteria were collected. Actinomycin D was pro-
duced within a shorter time in the RDBR compared to the time required in a
conventional stirred-tank bioreactor (STBR). Similar results were noted for the
other two strains and Sarkar et al. [84] reasoned that surface attachment of the
microbes and biofilm formation were pivotal factors for the enhanced production
of antimicrobials by the intertidal actinobacteria.
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Fig. 5 Schematic of the ultralow- speed rotating disk bioreactor as described in Sarkar et al.
[92]: I air pump, 2 rotameter, 3 air filter, 4 electrical motor and reducing gear train, 5 sampling
port, 6 temperature sensor, 7 antifoam port, 8 inoculation and medium addition port, 9 acid port,
10 pH sensor, 11 alkali port, /2 DO sensor, /3 reactor vessel, /4 rotating coaxial disks, /5 shaft,
16 sparger, 17 drain, /8 base plate. Reprinted with permission from Springer

In furtherance of this work, Sarkar et al. [91] introduced the parameters’ “peak
activity attainment rate” (PAAR) defined as the ratio of the “peak antibiotic
activity” (PAA) and the time taken to attain this peak value, to determine the effect
of environmental/operating parameters on actinomycin-D production by the bio-
film-forming estuarine isolate Streptomyces sp. MS 310 in small-scale shake flask
cultures, as well as in the RDBR. The most favorable pH and temperature for
antibiotic production were ascertained through designed experiments in shake
flasks. Subsequently, RDBR operating conditions were investigated employing a
statistical experimental design where aeration and disk submergence were con-
sidered at three levels maintaining the rotational speed at 1.0 rev/day. The highest
aeration rate in the niche-mimic condition was found to be most suitable for
antibiotic production as PAA and PAAR simultaneously attained their highest
values. Sarkar et al. further attributed the high actinomycin-D production by
Streptomyces sp. MS 310 in the RDBR to biofilm formation owing to the sub-
stantial surface area (per unit volume of culture) of their reaction vessel [91].

In another study, Sarkar et al. [92] further examined the application of the
RDBR for the cultivation of Streptomyces sundarbansensis [93], an actinomycete
producing 2-allyloxyphenol, by first investigating the effect of nutrition and cul-
tivation conditions on biofilm formation vis-a-vis antimicrobial production in
small-scale experiments. Sarkar et al. [92] used the data thus obtained to examine
the effect of medium pH, degree of disc submergence, and aeration rate in the
RDBR on biofilm formation and antimicrobial activity of S. sundarbansensis. The
maximum antimicrobial activity in the RDBR was attained under true intertidal
conditions, 12 h periods of immersion and emersion. In the ideal niche-mimic
condition, biofilm density was highest at the maximal aeration rate, where
planktonic growth was also maximum and dissolved oxygen was rapidly utilized.
Sarkar et al. [92] reckoned that high cell concentration during planktonic growth
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allowed more cells to be recruited for biofilm formation, following which low
oxygen tension reduced biofilm growth permitting the film to strengthen and attain
a higher density [94]. The RDBR has been noted as the first model reactor system
for in vitro process simulation of the intertidal/estuarine environment [95].

3.3 Production of Exopolysaccharides

Wave action, temperature and dessication stresses, ultraviolet exposure, and
nutrient depletion create a highly variable or “poikilotrophic” environment [96] in
intertidal rocky shores. Ortega-Morales et al. [97] observed that an ecological
strategy of microbial biofilms to cope with this harsh environment is through the
production of profuse amounts of highly hygroscopic extracellular polymeric
substances (EPS), the production of which is induced by desiccation [98]. The
physicochemical properties of EPS of intertidal biofilms accelerate the generation
of severe geochemical gradients, offering protection to the microbial cells, thus
providing incredible pliancy to the biofilm during periods of stress [3, 99]. This
ecological function makes EPS molecules potentially valuable as gelling, stabi-
lizing, emulsifying, chelating, thickening, and film-making agents, which would be
of significant importance in chemical and food industries as well as environmental
bioremediation. Two EPS-producing biofilm bacteria from a rocky intertidal shore
of the southern Gulf of Mexico were studied [97]. The major compound of the EPS
synthesized by Microbacterium sp. MC3B-10 was a glycoprotein, whereas the
polymer produced by Bacillus sp. MC6B-22 was an anionic polysaccharide. The
biopolymer produced by Microbacterium sp. MC3B-10 was nonionic, had high
emulsifying activity and stability at elevated temperature, and salinity. These
properties may be practical in bioremediation applications. The chemical com-
position of polymer MC6B-22 suggested its potential utilization in tissue regen-
eration [2, 97].

The polychaete Alvinella pompejana isolated from a hydrothermal vent in the
East Pacific Rise housed a heterotrophic and mesophilic marine bacterium on its
surface. The bacterium was assigned to the genus Alteromonas and produced large
amounts of an acidic polysaccharide in batch cultures during the stationary phase
of growth [100]. Alteromonas macleodii, the single member of the Alteromonas
genus, was isolated from a hydrothermal vent in north Fiji and was found to
produce a polysaccharide having unusual high molecular weight in batch cultures.
The viscosity of this exopolysaccharide is similar to that of xanthan, another
bacterial polysaccharide of commercial interest, thus proving its biotechnological
potential [101]. A novel bacterium, Paracoccus zeaxanthinifaciens subsp. payriae
isolated from a microbial mat, “kopara” in French Polynesia produced water-
soluble high-sulfate—containing exopolysaccharides. Potential cosmetic applica-
tions were envisaged [102]. Guézennec et al. [103] projected further applications
of EPS-producing microbes of the kopara microbial mats in detergent, textile,
adhesives, paper, paint, food, beverage, and pharmaceutical industries, specifically
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in cancer therapies and drug delivery systems. The EPS can be gainfully employed
for metal recovery in oil, mining industry, and industrial waste. Cell culture media
can also be formulated using the EPS. Microbe-derived exopolysaccharides are
used for the preparation of polysaccharide gels that are constituents of microbial
cell culture media. Generally, agar, which has a high melting point of about
60-97 °C and a low solidifying point of about 3240 °C is very useful in the
preparation of a microbial culture medium. Nowadays, other compounds such as
gellan or gelrite have drawn the attention of researchers as well as the industry as a
substitute for agar. Gellan can be integrated into microbial culture media that
allow better growth of microorganisms compared to agar-containing media.
Moreover, thermophiles get a growth benefit due to the high temperature stability
of gelrite [104].

Particulate material obtained from seawater and ice from the Antartica southern
ocean yielded two psychrophilic Pseudoalteromonas species from sea-ice micro-
bial populations. The bacteria produced highly anionic extracellular polymers
containing neutral sugars and uronic acids with sulphates [105]. Extracellular
polymeric substances were purified from Oceanobacillus iheyensis BK6, isolated
from a marine natural biofilm from a coastal region of India, the first report on the
occurrence of EPS in the genus Oceanobacillus [106]. Antibiofilm activity of the
EPS against pathogenic Staphylococcus aureus was observed by Kavita et al.
[106]. The physicochemical properties of the polymer make it suitable for phar-
maceutical and industrial applications.

3.4 Production of Enzymes

Identification and characterization of biofilm-forming bacteria through culture-
based methods was performed by Iijima et al. [107]. Among three genera studied,
Pseudoalteromonas, Vibrio, and Halomonas, the first was found to form active
biofilms. To compare the protease activity under biofilm-based as well as plank-
tonic cultivation the isolated bacteria were grown at standing and shaking con-
ditions, respectively. Expression analysis of the biofilm metalloprotease I (bmpl)
gene of Pseudoalteromonas sp. SB-B1 by reverse transcriptase PCR at different
cultivation conditions revealed that biofilm-based cultivation stimulated bmpl gene
expression which was responsible for enhanced protease activity. Application of
the beneficial properties in fish farming was also considered. It was believed that
Pseudoalteromonas bacteria of the biofilm community partially contributed to the
elimination of excess proteins from fish farm sediment sludge. Foods and feces of
fish liberate copious amounts of organic matter that result in oxygen depletion by
aerobes, sulfide and methane production by anaerobes, and occurrence of patho-
gens [108]. Therefore, Pseudoalteromonas strains isolated from fish farms prob-
ably utilized bmpl-induced protease through biofilm formation and contributed
towards removal of excess nutrients.
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Fig. 6 a Conico-cylindrical flask (CCF) described in Sarkar et al. [109] and US patent
application number US2012/0295293A1 and b components of the CCF: I lower cylindrical
portion, 2 inner arrangement, 3 upper funnel portion, 4 neck for joining top lid, 5 top lid for
provision for aeration. Reprinted with permission from Springer

Sarkar et al. [109] designed a novel shaking flask the “conico-cylindrical flask™
(CCF; Fig. 6), that promoted biofilm formation, had provision for assessment of
aeration requirements, allowed the use of diverse internal surface materials, and
could be easily placed in a typical rotary shaker for regular small-scale studies (US
patent application number US2012/0295293A1, published November 22, 2012).
This flask was applied for protease production by a biofilm-forming bacterium, an
intertidal gamma-Proteobacterium (DGII) isolated from the Sundarbans, India.
Protease activity during cultivation in the CCF with a hydrophilic (glass) surface
was compared to that with a hydrophobic (PMMA) surface. The CCF with
hydrophobic (PMMA) surface contained an “inner arrangement” comprising eight
equidistantly arranged rectangular bars in a radial fashion on a circular disk.
Because of the higher surface area, the “inner arrangement” of the vessel pro-
moted formation of microbial biofilm on its hydrophobic surface. The second
vessel, CCF with the hydrophilic (glass) surface contained 16 autoclaved glass
slides that were affixed to both sides of the “inner arrangement” of PMMA-CCF
with a nontoxic glue. The comparative study of protease production was done with
the above-mentioned PMMA—-CCF, GS—CCF, and a standard 500-ml Erlenmeyer
flask (EF). The CCF allowed 30 % higher protease production and 20 % higher
biomass accumulation in comparison to the standard Erlenmeyer flask. The CCF
with a hydrophobic surface generated higher protease yields as well as biomass
compared to the CCF with a hydrophilic surface. Sarkar et al. [109] concluded that
cell growth and protease production were favored in the vessel configuration and
design that supported higher cell attachment and ensuing biofilm formation. The
conclusions of this study were similar to those of Yan et al. [72].

Mitra et al. [110] commented in their article on biofilm-based enzyme pro-
duction by fungi that enzyme production and polyaromatic hydrocarbon oxidation
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Fig. 7 Typical confocal laser scanning micrograph of C. crispatum biofilm on PMMA surface as
described in Mitra et al. [110]. Exopolysaccharides (EPS) are stained green and whole cells are
stained red. a Attachment of EPS on PMMA surface b recruitment of cells, and ¢ development of
mature biofilm. Reprinted with permission from Springer

were potential biotechnological applications of filamentous fungi found in inter-
tidal estuarine regions [111, 112]. Mitra et al. [110] highlighted the proposal of a
new fermentation category named “surface-adhesion fermentation” (SAF) by
Gutierrez-Correa and Villena [113]. The CCF was employed to test the hypothesis
if surface attachment of intertidal fungi could increase bioactive metabolite pro-
duction. Cellulase production by Chaetomium crispatum (obtained from estuarine
sediments of the Weser River, Germany) was compared in a CCF with hydro-
phobic surface (PMMA-CCF), CCF with hydrophilic glass surface (GS—CCF),
and a standard unbaffled Erlenmeyer flask (EF) [110]. Growth of C. crispatum as
well as endo-f-1,4-glucanase and FPase (filter paper degradation) activities
increased 3.5- and 2.6-fold, respectively, in the PMMA-CCF compared to the
other vessels. Additionally, Mitra et al. [110] studied biofilm development with a
confocal laser scanning microscope (CLSM) over 6 days through two-channel
fluorescence detection of EPS and whole cells. Results demonstrated 100 %
increase of biovolume (an estimation of biofilm biomass), 25 % increase of
thickness, and 62.5 % increase of both substratum coverage as well as the total
spreading of C. crispatum biofilm on the hydrophobic surface (Fig. 7).

Fungal biofilm formation is initiated by active attachment to a surface by
adhesive substances secreted by germinating spores and active germlings. Sub-
sequently, microcolony formation occurs by apical elongation and hyphal
branching. Hyphal ramification ensues across surfaces and a monolayer forms.
Firm attachment of the growing colony to the substrate is ensured through pro-
duction of a polymeric extracellular matrix [114]. Two basic processes, adhesion
and successive differential gene expression, characterize fungi as regular biofilm-
forming organisms. Upon attachment, fungi acquire new and discrete phenotypes
diverse from those of free living conditions [113, 115]. Elements describing fila-
mentous fungal biofilms along with a basic model depicting the different stages of
biofilm development were proposed [114]. Through the investigation of Mitra
et al. [110], successful satisfaction of the three proposed criteria [114] was dem-
onstrated: first, intricate growth of the fungus by cellular or hyphal aggregation on
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a surface; second, cells inlaid in an extracellular self-released polymeric matrix;
and third, modified gene expression causing increased or decreased enzyme pro-
duction. Biofilm architectural parameters of C. albicans, such as biovolume, mean
thickness, roughness coefficient, and surface area/volume ratio were obtained
through CLSM image analyses and calculated by COMSTAT mathematical
modeling [116, 117]. Multichannel analysis as performed by Mitra et al. [110]
using the PHLIP image analysis software [118] was more informative compared to
single-channel analysis (e.g., COMSTAT) as this method could distinguish various
biofilm components.

3.5 Production of Melanin

Melanin has significant relevance in the progress of organic conducting polymers
(2000 Nobel Prize in Chemistry). It has applications in sunscreen cosmetics as an
UV absorber, paint emulsion stabilizer, and antioxidant in coatings [40]. The CCF
mentioned above was further applied for melanin production by Shewanella col-
welliana (isolated from estuarine oyster water of Lewes, United States, previously
known as Alteromonas colwelliana) [40]. A comparative study of melanin pro-
duction in three different vessels (1) PMMA-CCF having a hydrophobic surface
(2) GS—CCF having a hydrophilic surface, and (3) a standard Erlenmeyer flask
(EF) was peformed [40]. Compared to the other vessels, melanin production in the
hydrophobic PMMA-CCF was higher by at most 33.5 % and growth of S. col-
welliana was higher by at most 309.2 %. Reactor surface area, surface hydro-
phobicity, and planktonic cell growth, as well as biofilm formation were positively
linked to melanin synthesis. Mitra et al. [40] noted a dual effect of enhanced
surface area and hydrophobicity of the PMMA-CCF to be accountable for
increased melanin activity in the hydrophobic vessel. The PMMA-CCF that
supported attached growth, the inherent natural mode of growth of S. collwelliana,
was more suitable for cell growth and melanin production. Mitra et al. [40] rea-
soned that biofilm cells (as higher biofilm biomass was attained in the PMMA-
CCF) or positive cooperation among planktonic cells (as a higher concentration of
quorum sensing molecules was observed) could be the cause for increased pro-
duction. Acyl homoserine lactone molecules have been reported as quorum
sensing molecules in Shewanella species as noted by Tait et al. [119].

3.6 Production of Riboflavin

Chemical riboflavin (vitamin B2) production is eventually being replaced by
microbial processes. The largest chemical company in the world, BASF (German:
Badische Anilin- und Soda-Fabrik, English: Baden Aniline and Soda Factory) has
installed a plant in South Korea that produces riboflavin using Ashbya gossypii.
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Current approaches to improve industrial productivity in Candida famata, a nat-
urally occurring overproducer of riboflavin, include selection of antimetabolite-
resistant mutants, enhancing medium iron concentration, and adding biosynthetic
precursors [120]. It may be conjectured that surface attachment and biofilm for-
mation by the intertidally derived C. famata, isolated from the estuarine waters of
Rio de Janerio, Brazil, can enhance vitamin production. The CCF was again used
by Mitra et al. [121] to compare riboflavin production between CCFs with
hydrophobic or hydrophilic surfaces and Erlenmeyer flasks. Mitra et al. reported a
22-fold increase in riboflavin production in the hydrophilic GS—CCF and a 4-fold
increase both in the EF and PMMA—-CCF when C. famata was grown as “biofilm-
induced” cultures in comparison to the traditional suspension culture [121].
Planktonic growth was suppressed in cultivations showing higher biofilm forma-
tion and vitamin production was related to biofilm formation. Similar to the pre-
vious CLSM study by Mitra et al. [110], early development of a mature stable
biofilm on glass in contrast to a PMMA surface was demonstrated. Mitra et al.
[121] concluded that the genetically modified C. famata strains recently developed
by Dmytruk et al. [122] may be explored for further enhancement of production by
switching to the biofilm cultivation mode as it is known that all species of Candida
are able to form biofilms [123]. Primary cell separation processes may be elimi-
nated in biofilm cultivation thus lowering downstream processing costs.

3.7 Biofilm-Based Bioremediation Processes

Integration of a denitrifying step to the nitrification process leads to conversion of
nitrate to nitrogen gas, thus allowing complete removal of polluting nitrogen in
discharge water of recirculating aquaculture systems [124]. Van Rijn et al.
remarked that the anaerobic ammonium oxidation (anammox) process can be
successfully applied in this situation [125]. Under anaerobic conditions, ammonia
is oxidized in the presence of nitrite in the anammox process which is performed
by autotrophic bacteria belonging to the order Planctomycetales [126]. This pro-
cess offers two advantages. First, in comparison to heterotrophic denitrification,
complete autotrophic nitrogen removal occurs with no requirement of an organic
electron source. Second, as ammonia oxidation demands less oxygen than that
consumed by the conventional nitrification—denitrification process, the anammox
process is economically attractive [127] as noted by Tal et al. [124]. Oc