
Chapter 5
Application of Microbial Biofilms
in Biocatalysis and Biodegradation

Mohd Faheem Khan and Cormac D. Murphy

Abstract Biofilms are colonies of microorganisms that adhere to a surface, often in
a flowing system. They convey advantages to the community of cells within, such as
access to nutrients, protection from physicochemical stress, intercellular communi-
cation and horizontal gene transfer. In many instances, biofilms are viewed as
problematic, for example, causing difficult-to-treat infections or corroding metal
surfaces. However, the properties that make biofilms a challenge in some circum-
stances are beneficial in others. As biofilms have mechanical stability, are resistant to
the toxic effects of xenobiotics and are stable for extended time periods, they have
potential applications in the continuous production of chemicals and the biodegra-
dation of pollutants. In this chapter, we will present examples of the research that has
been conducted on examining single-species biofilms of bacteria and fungi in the
biosynthesis of commodity and fine chemicals and the biodegradation of xenobi-
otics. The merits and disadvantages of biofilms in different applications are
discussed.
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5.1 Introduction

Biofilms exist as a natural form of immobilisation, in which the microbial cells
produce an extracellular polymeric substance (EPS) that adheres them to a suitable
surface, provides mechanical stability and a barrier against toxic compounds. Exten-
sive work has been conducted with various microorganisms in relation to their
growth as biofilms and common stages of biofilm development are recognised
(Fig. 5.1). Biofilms are most frequently associated with surfaces submerged in an
aqueous solution to which free-floating, or planktonic, cells might adhere. Following
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initial attachment, the cells start to produce EPS, which adheres the colony to the
surface and allows further development to form a mature biofilm that contains
channels that allow the distribution of nutrients and signalling molecules. Eventu-
ally, parts of the biofilm may detach (dispersal). The nature of the surface is a key
factor in biofilm development and in particular the degree of hydrophobicity. This is
reflected in the protocols used to cultivate biofilms in the laboratory which often
employ polystyrene microtitre plates, glass slides and silicone as surfaces to promote
attachment (Azeredo et al. 2017). The EPS is typically comprised of polysaccharide,
protein and/or extracellular DNA (eDNA). In nature, multispecies biofilms are
normal, and there is genetic exchange between the cells as well as syntrophy,
facilitating a more complex suite of metabolic reactions. This is in contrast to most
studies on biofilms conducted in the laboratory, which often focus on a single
species. The importance of biofilms in secondary wastewater treatment, for example,
in trickling filters, to decrease the biochemical oxygen demand has been well
established; however, in recent years, the attention of researchers has been on how
to treat biofilms that cause infection or foul industrial pipes and metal surfaces; thus,
there is a widespread perception that biofilms are ‘bad’. In this chapter, we will
illustrate the advantage of biofilms (mainly single culture) in the areas of fermenta-
tion, bioremediation and biocatalysis and highlight the importance of understanding
and optimising/controlling their growth so that novel, sustainable methods of pol-
lution removal and biochemical production can be developed.

5.1.1 Useful Biofilms

Suspended culture is the main form of microbial growth that is used in the applica-
tion of microorganisms in the production of valuable compounds, either by

Fig. 5.1 Stages of biofilm development
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fermentation or biotransformation. However, these cultures can suffer from rela-
tively short periods of activity and are sensitive to the toxic effects of accumulating
metabolites or the starting substrate; thus, they may not be sufficiently productive to
replace an effective chemical method of production (van Beilen et al. 2003; Garzón-
Posse et al. 2018). At the other end of the pipeline, microorganisms are important for
the biodegradation of xenobiotic pollutants, but although there are many successful
examples, the introduction of a new strain directly into a polluted environment to
promote bioremediation (bioaugmentation) often results in the strain being
out-grown by indigenous organisms (Mrozik and Piotrowska-Seget 2010). Further-
more, as the number of specialised chemicals that we use increases, traditional
wastewater treatment facilities are unable to completely eliminate them from con-
taminated influents, thus they become persistent in aquatic environments.

It has been known for several decades that artificially immobilising microbial
cells and enzymes, e.g. by encapsulating in a hydrogel, has proven to alleviate the
problems associated with using suspended or planktonic cultures (Es et al. 2015). By
extension, naturally immobilised cells would be expected to have similar features,
with the advantage that no additional manipulation is required.

5.1.2 Bioreactor Configuration

Small-scale cultivation of biofilms is mainly done in multiwell-plates, but to operate
biofilms for longer time periods and study their characteristics in relation to produc-
tivity, other bioreactors are employed, which enable operation for longer periods of
time with controlled parameters. In addition to high reaction rates, biofilm reactors
also have some other advantages like improved mixing, improved mass transfer,
high shear stress, controlled biofilm growth, high product yield, providing resistance
to toxic compounds, high product recovery, reduced fermentation time, high oper-
ational stability, compact technology, etc. Biofilm reactors have various configura-
tions the most common of which are shown in Fig. 5.2. Different biofilm reactors
have different applications depending upon their configuration and size. Biofilms
grow attached to a range of materials that are incorporated into the reactor, including
glass, metal, plastic and ceramics; the surfaces can be continuous, such as in a
membrane or tubular reactor, or particles of the biofilm carrier that might be found in
a moving or fluidised bed reactor. The nature of both the surface and reactor type
depends on the microorganism and the application.

5.2 Biofilms Applied to Fermentations

Microorganisms that are used industrially in the production of valuable compounds
and enzymes are most commonly cultivated in batch or fed-batch fermentors as
suspended cultures. While this approach is effective, one major drawback is the
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repeated stopping of the reactor followed by a re-establishment of the culture,
resulting in time delays and additional consumption of resources. One potential
application of biofilms is in the continuous production of small molecules and
enzymes, and several examples of research in this area are given below.

Fig. 5.2 Configuration of different biofilm reactors
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5.2.1 Saccharomyces cerevisiae

This unicellular yeast is widely studied as a eukaryotic model organism for cell and
molecular biology and has been instrumental for the production of beverages and
biofuels as it can convert sugars to ethanol at a high rate (Dombek and Ingram 1987).

Saccharomyces cerevisiae has been extensively studied for biofilm formation on
numerous surfaces like plastic, mat and ore (Reynolds and Fink 2001). To unveil the
mechanism of biofilm regulation requires transcriptomic and proteomic analyses of
S. cerevisiae, since biofilm enhances fermentation rates and ethanol resistance which
has industrial relevance for full-scale production. The switch from planktonic to
biofilm growth of S. cerevisiae is regulated by Cyc8p, Tup1p and Flo11. The latter is
a surface glycoprotein involved in cell adhesion and Tup1p regulates Cyc8p-
mediated FLO11 repression and prevents Flo11p degradation (Van Nguyen et al.
2020). Additionally, a FLO11 deletion mutant abated ethanol tolerance of yeast cells
in the biofilm fermentation (Gu et al. 2018). Along with FLO11 the other FLO genes
like FLO1, FLO5, FLO9 and FLO10 encode glycoproteins, which are responsible
for cell-cell adherence, and their deletion mutants decrease biofilm formation during
fermentation (Halme et al. 2004). Another study showed a transcription factor,MIG1
expresses more in S. cerevisiae biofilms than in their planktonic cells and it induces
yeast morphology as filamentous growth, which is confirmed primarily under the
control of FLO genes (Yang et al. 2018). A low concentration of nitric oxide can also
induce S. cerevisiae biofilm growth by activation of a transcriptional factor Mac1p
that regulates a transmembrane protein Ctr1 which is independent of FLO11 genetic
system. Furthermore, MAC1 and CTR1 contribute to the intracellular tolerance to
ethanol (Yang et al. 2019a).

In earlier work, Demirci et al. (1997) used S. cerevisiae ATCC 24859 as biofilms
in a continuous and batch-culture biofilm reactor to compare the ethanol production
on a polypropylene support (PPS) and plastic composite-supports (PCS; containing
soybean hull, flour, yeast extract-salt and polypropylene). Their study showed
immobilised yeast on the PCS produces 2–10 times more ethanol (30 g L�1 with
low-cost, low-nutrient ammonium sulphate medium) than PPS (5 g L�1), as PCS
supplies nutrients to the immobilised cells. In contrast Liu et al. (2015) showed a
maximum of 2.90 g L�1 ethanol using suspended cells of S. cerevisiae. More
recently, Izmirlioglu and Demirci (2016) optimised growth parameters of
S. cerevisiae like pH, temperature and agitation theoretically using Box-Behnken
design of response surface methods (RSM) for a similar kind of PCS-biofilm reactor,
then reported further improvement in the bioethanol production from potato waste
hydrolysate to 37.05 g L�1 at pH 4.2 and incubation temperature of34 �C and
agitation of 100 rpm. Kana et al. (1989) used very cheap and abundant mineral
ores of kissiris for immobilisation of S. cerevisiae cells and found improved ethanol
production (53 g L�1; 115 g L�1 d�1) when immobilised cells inoculated in the
glucose-containing media for up to 29 repeated cycles of batch fermentations.
Roukas and Kotzekidou (2020) used a rotary biofilm reactor (RBR) to enhance
bioethanol production using agro-industrial waste (non-sterilised beet molasses).
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They achieved an ethanol concentration of 52.3 g L�1 and productivity of
1.45 g L�1 h�1 in a repeated-batch reactor for 60 days with 84.8% energy recovery.

5.2.2 Zymomonas mobilis

This bacterium ferments glucose to ethanol and has potential application in the
production of biofuel. Early work by Kunduru and Pometto (1996a, b) demonstrated
that biofilms of this bacterium grown on polypropylene support in a packed bed
arrangement, continuously operated for 60 days, dramatically outperformed plank-
tonic cultures with respect to ethanol production (536 g L�1 h�1 compared with
5 g L�1 h�1). Li et al. (2006) subsequently demonstrated that Z. mobilis biofilms
were more resistant to the toxic effects of benzaldehyde than planktonic cells,
retaining 45% metabolic activity after exposure to 50 mM of the solvent, whereas
the planktonic cells were inactivated. Interest in Z. mobilis biofilms for the produc-
tion of ethanol has continued, and researchers have investigated lignocellulose
hydrolysates as fermentable substrates on different support surfaces such as DEAE
cellulose and corn silk (Todhanakasem et al. 2015; Todhanakasem et al. 2016).
Furthermore, it has been shown that the biofilm is more resistant than planktonic
cells to toxic compounds that are typically found in the hydrolysates, such as furfural
(Todhanakasem et al. 2018; Todhanakasem et al. 2014).

5.2.3 Bacillus subtilis

Bacillus spp. are industrially important bacteria; B. subtilis is particularly relevant
owing to its GRAS status and is applied in the production of enzymes and pharma-
ceutically important compounds (Gu et al. 2018). For example, menaquinone-7
(MK-7), or vitamin K2, is produced industrially by Bacillus subtilis natto in static
fermentation, where it forms pellicles (Mahdinia et al. 2019). To investigate if
biofilm growth might improve productivity and alleviate problems associated with
heat and mass transfer, Mahdinia et al. (2017) developed a biofilm rector using
plastic composite supports arranged in a grid formation (Fig. 5.3), but the MK-7
concentration was low compared to the static fermentation in a glycerol-based
culture medium, with concentrations of approx. 1 mg L�1 in biofilm compared
with over 30 mg L�1 in static fermentations. However, further medium optimisations
using a glucose-based medium resulted in improvement of productivity to
20 mg L�1 (Mahdinia et al. 2018).

Bacillus spp. also produce the lipopeptides surfactin, iturin A and fengycin
(amongst others) that have significant biological activity. They are also
biosurfactants, and their production in suspended cultures can result in foaming,
which is detrimental to the fermentation, and one potential solution to this problem is
to employ biofilms. Several bioreactor configurations have been investigated to
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promote biofilm growth and production of lipopeptides, for example, Chtioui et al.
(2012) used a rotating disc bioreactor to cultivate B. subtilis ATCC 21332, which
produces surfactin and fengycin. In this bioreactor, the discs were partially sub-
merged in the culture medium enabling surface aeration, thus avoiding foam forma-
tion and favouring the production of fengycin over surfactin. Using 14 discs and an
airflow of 100 L h�1, fengycin productivity reached 838 mg L�1 after 72 h, which
was greater than that of planktonic cultures and an improvement on other bubbleless
reactors studied up to that point. A further alteration in the design to include agitators
to improve oxygen transfer further improved the selectivity of the reactor for
fengycin production (Chtioui et al. 2014).

Bruck et al. (2019) investigated the genetic changes required for B. subtilis 168 to
grow effectively as a biofilm and produce surfactin. This is a domesticated strain that
is widely studied but has key mutations that both prevent surfactin production and
impede biofilm growth. These researchers repaired the sfp and epsC genes, which
enabled the cells to produce surfactin and EPS; they also deleted sepF, which codes
for a protein involved in septation, resulting in cell filamentation. The resulting
mutants had much improved biofilm-forming capabilities, which was mainly down
to the production of EPS, and the biofilms demonstrated ten-fold enhanced surfactin
production compared with strains that could only grow planktonically but had a
functional sfp.

The same strain could be manipulated to produce another lipopeptide, iturin A, by
horizontal transfer of the itu operon and introduction of the sfp gene plus the
pleiotropic regulator degQ (Tsuge et al. 2005). Rahman et al. (2007) investigated

Fig. 5.3 Grid arrangement
of PCS used to support
B. subtilis natto biofilms.
(Reprinted by permission
from Springer: Applied
Microbiology and
Biotechnology (Biofilm
reactors as a promising
method for vitamin K
(menaquinone-7)
production, Mahdinia et al.),
© 2019)
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this strain for its biofilm-forming capability and found that it formed thick biofilm in
a multiwell plate; furthermore, it produced approx. Double the concentration of
iturin A of planktonic cultures (~800 mg L�1). Productivity of iturin A in planktonic
and biofilm cultures is also impacted by the medium used: Zohora et al. (2013) found
that by using a medium containing 12% maltose and 5% fish protein, B. subtilis
RB14 biofilms grown in Erlenmeyer flasks could produce over 5 g L�1 of the
lipopeptide.

5.2.4 Propionibacteria

Propionibacterium spp. are anaerobic, Gram-positive bacilli that are found in milk,
dairy products, skin, soil, plants or digestive tracts of ruminants (Zárate 2012).
Probiotics and cheese industries employ Propionibacterium to produce vitamin
B12, tetrapyrrole containing compounds and propionic acid (Kiatpapan and
Murooka 2002). These bacteria are capable of catabolizing various polyols (like
glycerol), carbohydrates (like glucose, trehalose, etc.), lactic acid and pyruvic acid
into succinic acid, propionic acid, acetic acid and CO2; however, propionic acid is a
major product in the fermentation (Roy 2019). Various species of Propionibacteria
(P. freudenreichii, P. acnes, P. acidipropionici, P. acidifaciens, P. namnetense,
P. propionicus, etc.) can form a biofilm, so have potential application in large-
scale production.

Propionibacteria acnes can cause blood infections in immunocompromised
patients (like pneumonia and chronic granulomatous disease) and endocarditis
patients and like infections in ventriculoperitoneal shunts, pacemaker devices, pros-
thetic joints, catheters, etc. (Bayston et al. 2007; Holmberg et al. 2009; Tyner and
Patel 2016). Coenye et al. (2008) cultured in vitro biofilms from planktonic P. acnes
obtained from skin infections. The biofilms hydrolyzed triglycerides yielding free
fatty acids that were subsequently catabolised to short-chain fatty acids (like
propionic acid and butyric acid) depending upon the bacterial subtype and free
fatty acid length (Linfante et al. 2018).

Propionibacteria freudenreichii, P. acidipropionici and P. arabinosum can
immobilise as biofilms and have been exploited for propionic acid and acetic acid
production (Xu et al. 2011). Dishisha et al. (2012) used polyethylenimine-treated
Poraver® (glass beads) matrix for P. acidipropionici DSM 4900 immobilisation and
obtained propionic acid productivity of 0.35 g L�1 h�1 in batch or fed-batch
fermentation and 1.40 g L�1 h�1 in continuous mode. In another experiment, a
maximum propionic acid productivity of 1.63 g L�1 h�1 was obtained from 90 g L�1

glycerol in sequential batch fermentation (Dishisha et al. 2015). Chen et al. (2013)
assembled a plant fibrous-bed bioreactor for immobilisation of P. freudenreichii
CCTCC M207015 for effective production of propionic acid. Up to
41.20 � 2.03 g L�1 propionic acid was obtained from 80 g L�1 glucose in 108 h,
which was 21.07% more than that produced in suspended cell fermentation. Fur-
thermore, they optimised the fermentation by a constant fed-batch process which led
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to 136.23 � 6.77 g L�1 propionic acid in 108 h. Recently, Cavero-Olguin et al.
(2019) used biofilms of P. acidipropionici in recycle batch reactors (Poraver®) for
improved fermentation of carbohydrates and glycerol for propionic acid production.
Citric acid and NaCl were used to induce bacteria to form biofilm as these increased
the biofilm-forming capacity (BFC) index, EPS production and trehalose production
with increased expression treY gene. They obtained the highest productivity of
0.7 g L�1 h�1with citric acid and 0.78 g L�1 h�1 with NaCl.

5.2.5 Actinobacillus succinogenes

This rod-shaped, facultatively anaerobic bacterium, isolated from the bovine rumen,
produces succinic acid from pentose and hexose sugars and is promising for its wide
utilisation of carbon (Jiang et al. 2019; Pateraki et al. 2016). It can also yield other
organic acids (e.g. pyruvic and lactic acids) under microaerobic conditions (Li et al.
2010; Wang et al. 2016). Recently, Yang et al. (2019b) reviewed metabolic engi-
neering strategies to improve succinic acid synthesis with reduced accumulation of
the by-product, via elimination of the metabolic pathways involved in by-product
formation. However, there are many key factors (such as media components, trace
substances, neutralizing agents, CO2, redox potential, temperature, pH, stirring) that
can affect bacterial growth and significantly improve the succinic acid accumulation
without the formation of any by-product. For instance, Zhu et al. (2012) employed
Box-Behnken design method of RSM to optimise the fermentation media composi-
tions for the production of maximal succinic acid, and they achieved
52.7 � 0.8 g L�1.

Actinobacillus succinogenes is well studied for biofilm formation via self-
immobilisation to the support surfaces under prolonged operation (Bradfield and
Nicol 2014). Actinobacillus succinogenes biofilm has immense potential for
improved yield of succinic acid over free-cell fermentations since both cell growth
and maintenance rates in free-cell fermentation are drastically decreased with
increased succinic acid titre. In contrast to suspended cells in a chemostat, biofilm
was capable of achieving higher cell densities and improved succinic acid yield
(Brink and Nicol 2014). Mokwatlo and Nicol (2017) characterised the cellular
structure and viability of A. succinogenes biofilms as it exhibits a heterogeneous
structure: The top layer cells have increased cell viability, and biofilm sessile cells
have different morphology compared to planktonic cells and extensive connection
fibres. In earlier experiments, Urbance et al. (2003, 2004) evaluated succinic acid
production by A. succinogenes in both continuous and repeat-batch in a plastic
composite support bioreactor for biofilm formation. As in continuous fermentation,
repeat-batch can operate in the biofilm mode as it retained biomass after every batch
cycle. More recently, Longanesi et al. (2018) used Glaxstone®, which is a sintered
glass, as the support material in a 1 L packed-bed reactor for succinic acid production
with grown A. succinogenes biofilms. The attached cells were fed with cheese whey
(lactose-rich by-product of cheese processing), and maximum productivity of
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0.72 g L�1 h�1 was achieved. Similarly, Ferone et al. (2018) also used a packed-bed
biofilm reactor for continuous succinic acid production for over 5 months and
evaluated different dilution rates and carbon sources. The bioreactor showed max-
imum productivity of 43 g L�1 h�1 at a dilution rate of 0.5 h�1 with glucose as the
substrate.

5.2.6 Lactobacillus

Lactobacilli are anaerobic (aerotolerant), non-spore-forming, Gram-positive bacte-
ria, present in the human mouth, associated with dental caries, gastrointestinal tract
and genital tract of females (Makarova et al. 2006). Currently, the use of Lactoba-
cillus spp. is expanding towards other dairy products such as energy bars, chocolate,
juices, shakes, etc. This extensive use of Lactobacillus spp. requires reduction of
foodborne pathogenic contaminations and their biofilm formation in the food indus-
tries. These bacteria are mostly employed for the production of lactic acid in the
food, cosmetics and pharmaceutical industries (Taskila and Ojamo 2013). One other
major use of lactic acid is in the production of biodegradable and renewable raw
material such as poly lactic acid (PLA) for household applications (Krishna et al.
2018) and in the synthesis of environmentally friendly solvents, such as butyl lactate
(Wee et al. 2006).

The biofilms of Lactobacillus are more resistant to acetic acid/vinegar and ethanol
(used as a food preservative) than planktonic cultures. Kubota et al. (2008) investi-
gated biofilm formation by 40 different species of lactic acid bacteria on the glass
coverslips and found longer cells than in their planktonic cultures. Among these
species, L. plantarum M606 have maximum survival percentage in 10% acetic acid
and 30% ethanol. In earlier work, Demirci et al. (1993) compared pure- and mixed-
cultures of Streptomyces viridosporus T7A and Lactobacillus casei subsp.
rhamnosus for biofilm formation and continuous production of lactic acid through
fermentation in a biofilm reactor with plastic composite support (PCS) chips. Their
work showed two to five times faster lactic acid production in the pure- and mixed-
culture bioreactors than those of their suspension culture (control). Similarly, Cotton
et al. (2001) designed a biofilm reactor with six PCS tubes composed of agricultural
products (50% w/w) and polypropylene (50% w/w) for continuous lactic acid
fermentation using Lactobacillus casei subsp. rhamnosus. The study found that
biofilm growth on the PCS tubes can be controlled by the speed of agitation and
reported the PCS biofilm reactor improved the yield of lactic acid by 70%. The PCS
biofilm reactor achieved a 9 g L�1 h�1 optimal average production rate, whereas the
control reactor without PCS tubes achieved only 5.8 g L�1 h�1 at 125 rpm agitation
and 0.4 per hour dilution rate. Cuny et al. (2019) investigated a strain of
L. delbrueckii that was a high producer of lactic acid, for its ability to form biofilms
in a tubular reactor and reported higher cell densities and productivity of
9 g L�1 h�1. The biofilm could be maintained for more than 2 weeks.
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5.2.7 Aspergillus niger

Lignocellulolytic enzymes are of intense interest for the digestion of lignocellulose
biomass, which is comprised of lignin, cellulose and hemicellulose, to simple sugars
that can be used in the production of biofuel. Aspergillus niger elaborates a number
of these enzymes and their activities have been investigated in biofilm cultures of the
fungus. Villena and Gutierrez-Correa (2006) cultivated A. niger biofilms on poly-
ester cloth with lactose as a growth substrate, either in flasks or in microbioreactors,
showed that the biofilms produced up to three times more cellulase than the free
mycelium cultures. Similarly, when biofilm was grown on perlite, the production of
cellulase, endoglucanase and xylanase was greater than that in either submerged
culture or solid-state fermentation (Gamarra et al. 2010). Comparison of cellulase
gene expression in A. niger grown as biofilm and submerged fermentation demon-
strated a higher level of expression in biofilm, which is reflective of the enzyme
activity measurements (Mahmoud et al. 2016). Izmirlioglu and Demirci (2017)
established a dual biofilm with A. niger and S. cerevisiae to couple saccharification
and fermentation, generating bioethanol directly from food waste. Biofilms were
established on plastic composite support and under optimised conditions almost
38 g L�1 ethanol was produced after 72 h.

A. niger is also known for the industrial production of citric acid for the food and
pharmaceutical industries. The current method involves submerged fermentation,
but efforts have been made to investigate the possibility of using biofilms to enable
continuous production of this important organic acid. Earlier work examined the
A. niger biofilms growing in rotating biological contactors, for example, Wang
(2000) used polyurethane foam-covered discs to grow the fungus and observed
citric acid productivity of 0.896 g L�1 h�1, compared with 0.33 g L�1 h�1 in
submerged culture. More recently, Yu et al. (2018) employed a porous foam carrier,
comprised of polyurethane and carbon black, in repeated fed-batch fermentation.
Stable citric acid production was achieved over 600 h, with 8 fed-batch cycles,
yielding 2.26 g L�1 h�1.

5.3 Biofilms in Biotransformation

Biocatalysis describes the use of an enzyme or whole cell to afford the biotransfor-
mation of a substrate to a valuable intermediate or product and is increasingly
important in the synthesis of fine chemicals, since the reactions are more
environmentally-friendly than those of classical organic chemistry. Industrially
important chemicals such as acrylamide, synthons such as R-2-chloropropionic
acid and drugs such as L-DOPA rely on biocatalysis for their production (Murphy
2012); increasing applications are inevitable as manufacturing processes require
sustainability. Bacterial biofilms have been studied for their potential use in biocat-
alytic processes since they typically have a longer effective half-life compared with
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suspended cells, have a higher tolerance to the often unnatural substrates that are
required, can be easily reused and require no separation step from the product.

5.3.1 Pseudomonas taiwanensis VLB120ΔC

The metabolic diversity in Pseudomonas spp. has resulted in these bacteria being
used in numerous biocatalytic applications. Pseudomonas taiwanensis VLB120ΔC
biofilms have been extensively investigated for the continuous production of valu-
able compounds in a variety of bioreactors. The bacterium was originally identified
as a potentially useful biofilm biocatalyst following a screen of strains, including
those isolated from biofilters and contaminated soils, in a well-plate assay (Gross
et al. 2007). As it demonstrated comparatively good biofilm growth and had been
already investigated for its ability to stereospecifically transform styrene to (S)-
styrene oxide, it was selected for further investigation in a tubular bioreactor. The
biofilm was established on the inner wall of the silicone tubing that was partially
submerged in liquid styrene; the substrate diffused into the biofilm and was
biotransformed continuously over a 55-day period. As with Z. mobilis, exposure to
the solvent (styrene) impacted planktonic cells more than biofilm cells, which
rapidly adapted to solvent exposure by producing more extracellular polymeric
substances (Halan et al. 2011). Further experiments demonstrated that oxygen was
a major limiting factor of styrene oxide productivity in the biofilm, which was
affected by membrane area and tube wall thickness (Gross et al. 2010); biofilm
growth on microporous ceramic material was shown to enable efficient oxygen
transfer (Halan et al. 2010), demonstrating the impact of the support material
when cultivating biofilms. Additional iteration of the bioreactor design employed
an aqueous-air segmented flow arrangement (Fig. 5.4) (Karande et al. 2014),
whereby the biofilm was allowed to develop in a tube in single-phase flow for
72 h; air segments were introduced, which caused biofilm detachment, then regrowth
of a stable second generation biofilm. When the biofilm was exposed to styrene, a
volumetric productivity of (S)-styrene oxide of 46 g Ltube

�1 day�1 was achieved,
which was 21-fold greater than the initial single-phase flow used in the original
experiments. Further improvement of the biofilm biocatalyst was achieved by using
a mutant strain of the bacterium, designated VLB120ΔCeGFP 04710, in which a
gene responsible for the degradation of the second messenger c-di-GMP was deleted
(Schmutzler et al. 2017). This strain adhered more strongly owing to higher EPS
production and increased hydrophobicity, resulting in higher cell numbers in the
initial phase.

In addition to the biotransformation of styrene, VLB120 has been metabolically
engineered to produce other important chemicals, either via biotransformation or
from the growth substrate/carbon source. For example, Lang et al. (2015) engineered
the bacterium to produce (S)-3-hydroxybutyric acid fermentatively from glucose by
eliminating 3-hydroxyisobutyric acid dehydrogenase activity through random muta-
genesis, heterologously expressing kivD from Lactococcus lactis, which codes for
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2-ketoacid dehydrogenase, and homologously expressing genes in the pathway for
2-ketoisovalerate synthesis. The bacterium was engineered to express other enzymes
to expand the capabilities of the biofilm in the continuous production of other
important chemicals such as n-octanol (Gross et al. 2013).

Finally, the strain was employed in a dual-species biofilm alongside the cyano-
bacterium Synechocystis sp. PCC6803 to alleviate oxidative stress and allow the
high cell density growth of the photoautotroph (Hoschek et al. 2019). Both strains
expressed a cyclohexane monooxygenase, and the biofilm was applied in the
production of cyclohexanol and was active for at least 1 month.

5.3.2 Escherichia coli PHL644

This strain of E. coli is a mutant strain of a K-12 strain (MC4100) that overproduces
curli adhesin, which enables it to readily form biofilm. Tsoligkas et al. (2011)
engineered the strain to express a tryptophan synthetase from Salmonella enterica
sv Typhimurium so that it could biocatalytically produce 5-halotryptophans from
5-haloindoles. After growing the bacterium as a biofilm on poly-L-lysine-coated
glass slides, using a spin-coating method to improve biofilm growth, the biotrans-
formation of halotryptophans was compared with that in free cells and immobilised
enzyme, and found to be superior. Furthermore, the biofilm lost little activity through
three 12 h biocatalytic cycles. The longevity of the enzyme activity was explored by
Tong et al. (2016) who used stable isotopic labelled amino acids in cell cultures

Fig. 5.4 Schematic set-up of the aqueous-air segmented flow biofilm reactor. (1) Medium reser-
voir; (2) 1.5mm silicone tubing; (3) peristaltic pump; (4) silicone tubing as growth surface (2mm
inner diameter and 2000 mm long); (5) styrene phase; (6) magnified sketch of aqueous-air segments
describing the mass transfer scheme of substrate and products in the reactor. S—styrene; P—(S)-
styrene oxide. (Copyright © 2014 WILEY_VCH Verlag GmbH & Co. KgaA, Weinheim. Used
with permission from Rohan Karande et al., “Segmented flow is controlling growth of catalytic
biofilms in continuous multiphase microreactors”, Biotechnology and Bioengineering, John Wiley
and Sons)
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(SILAC) to follow the fate of the recombinant tryptophan synthetase. Surprisingly,
the reason for the extended enzyme activity was not due to the stabilising influence
of the extracellular matrix, as might have been expected, but because the enzyme
was continually replenished.

5.3.3 Acinetobacter ST-550

The biocatalytic production of the dye indigo from indole has been the subject of
numerous investigations but is complicated by the toxicity of the substrate. As has
been noted already, one advantageous characteristic of biofilms is their improved
resistance to the toxic effects of certain compounds. Acinetobacter ST-550 is a
bacterium originally isolated from soil and demonstrated efficient indigo production
in organic solvent (Doukyu et al. 2002). However, the bacterium does not readily
form biofilms under conventional conditions, so they would not be a candidate for
such investigations. However, Ishikawa et al. (2014) employed a novel approach to
improve the biofilm-forming characteristics of ST-550 by expressing the gene
coding for the adhesin AtaA from another Acinetobacter strain (tol 5). This protein
makes the tol 5 strain extremely sticky and enables it to adhere to numerous abiotic
surfaces (Furuichi et al. 2018). The transformed ST-550 was subsequently able to
adhere to polyurethane and the resulting biofilm displayed an improved tolerance for
the starting material and catalysed the production of indigo at a rate that was five-fold
faster than planktonic cells. The strategy of expressing the ataA gene in bacteria
already known to catalyse industrially important reactions could speed up the
development of biofilm reactors for continuous processes. Indeed, the same
approach was taken with the hydrogen-producing bacterium Enterobacter
aerogenes (Nakatani et al. 2018), which was immobilised on polyurethane foam
and could continually produce hydrogen from glucose. Most recently, a truncated
AtaA was employed to adhere an artificial cell (liposome) to polystyrene and glass
(Noba et al. 2019); the liposomes also had β-glucuronidase encapsulated, the activity
of which could be measured after adherence. Such artificial biofilms might be useful
in circumstances where genetically engineered organisms are prohibited.

5.3.4 Pseudomonas diminuta

Glycolic acid can be used as skincare agent in pharmaceutical products, as a
preservative and flavouring agent in food processing, as a dyeing/tanning agent in
textile processing and as an additive in adhesives, polymers, paints, plastics, inks,
etc. (Hua et al. 2018). Pseudomonas diminuta (or Brevundimonas diminuta) can
biotransform ethylene glycol to glycolic acid without the formation of by-products
(Li et al. 2007); thus, it is of industrial interest. Furthermore, it can grow efficiently as
a biofilm and the ability of the bacterium to continually produce glycolic acid has
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been examined by Li et al. (2013). These researchers evaluated glycolic acid
production in a trickle-bed biofilm reactor fitted with Montz-pak A3–500 stainless
steel structured packing for improved catalyst stability (up to 60 days) and efficient
gas-liquid exchange. A steady state productivity was achieved up to 1.6 g L�1 h�1

which compares favourably to that of planktonic cultures, for example, Kataoka
et al. (2001) examined glycolic acid production in planktonic cultures of different
organisms and observed up to 0.92 g L�1 h�1.

5.3.5 Cunninghamella elegans

The recognition that filamentous fungi can grow as biofilms is relatively recent.
Harding et al. (2009) proposed criteria for defining these biofilms, which are based
on differences in structural features (complex aggregated growth of hyphae, surface-
associated growth, production of extracellular matrix) and physiology (enhanced
tolerance to biocides, changes in enzyme and metabolite production). One fungus
capable of biofilm growth is the zygomycete Cunninghamella elegans. This fungus
is a model of mammalian drug metabolism, and many examples exist in the literature
reporting the production of mammalian-equivalent phase I (oxidative) and phase II
(conjugative) metabolites upon incubation of the fungus with different drugs (Asha
and Vidyavathi 2009). Recently, the complement of cytochromes P450, which are
responsible for the oxidation of drugs, were identified in the fungus (Palmer-Brown
et al. 2019a). Most studies focus on using planktonically-grown cells to biotransform
xenobiotics, but Amadio et al. (2013) and Mitra et al. (2013) described how the
fungus can be grown as a biofilm, either on a spring included in an Erlenmeyer flask

Fig. 5.5 C. elegans grown
as biofilm in an Erlenmeyer
flask with a spring included.
The spring must be touching
the glass for the biofilm to
properly form. (Reprinted
by permission from
Springer: Applied
Microbiology and
Biotechnology (Filamentous
fungal biofilm for
production of human drug
metabolites, Amadio et al.),
© 2013)
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(Fig. 5.5) or on polymethylmethacrylate. Under these conditions, biotransformation
reactions are enhanced; for example, Mitra et al. (2013) observed that fluoranthrene
biotransformation was enhanced by 22-fold in biofilm compared with planktonic
cultures. Amadio et al. (2013) demonstrated the convenient reusability of the biofilm
by using it to catalyse multiple rounds of biotransformation of the drug flurbiprofen.
Furthermore, the biotransformations could be performed in water rather than culture
medium, and by shortening the incubation time with the drug and introducing
rejuvenation steps with a fresh culture medium, Quinn et al. (2015) improved the
productivity of phase I metabolites in biofilms from 1 mg L�1 h�1 to over
4 mg l�1 h�1.

5.4 Biofilms in Biodegradation

For several decades, bacteria and fungi have been studied for their ability to
biotransform a wide range of xenobiotics. They are able to do this since many
xenobiotics are similar in structure to naturally occurring compounds and microbial
enzymes have a relaxed substrate specificity. For example, some Pseudomonas
bacteria have evolved pathways to catabolise biphenyl, which occurs naturally
from the pyrolysis of lignin; the same bacteria are able to biotransform anthropo-
genic polychlorinated biphenyl (Field and Sierra-Alvarez 2008). Since microbes are
environmentally benign, this gives them an advantage over chemical and physical
approaches to remediation of contaminated sites (bioremediation) and waste
streams. The advantages that immobilisation conveys are particularly relevant to
biodegradation, and in this section, examples of how biofilms can remove pollutants
from toxic waste streams are presented.

5.4.1 Pseudomonas knackmussii B13

Many drugs and xenobiotics contain fluorine, which makes them particularly resis-
tant to biodegradation owing to the strength of the carbon-fluorine bond.
P. knackmussii was studied several decades ago for its ability to biodegrade
fluorobenzoate. Schreiber et al. (1980) demonstrated that the bacterium could use
4-fluorobenzoate as a sole carbon and energy source, yielding fluoride ion. This
characteristic was later exploited by Misiak et al. (2011) who grew B13 in a
membrane-aerated biofilm reactor (MABR, Fig. 5.6) for up to 600 h. Two growth
phases were observed: an initial period of fast growth up to 200 h, followed by a
period of much slower growth. By measuring the concentration of fluoride ion and
4-fluorobenzoate concentration in the effluent it was clear that approx. 15% of the
available fluorine remained in the biomass. Subsequent experiments using a tubular
bioreactor showed that fluoride ion accumulated in the biofilm and inhibited growth.
These experiments revealed that while biofilms can be advantageous for the
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continuous degradation of persistent chemicals, the toxic intermediate may accumu-
late and impact on performance.

5.4.2 Pseudomonas stutzeri T102

This bacterium was isolated from the sludge in an oil tank in Okinawa, Japan and
degrades PAHs including naphthalene (Hirano et al. 2004) and was selected for
further investigation by Shimada et al. (2012) as it readily formed biofilms on a
number of surfaces. These researchers compared naphthalene degradation in biofilm
and planktonic cultures of the bacterium and found that although initially degrada-
tion was faster in planktonic cultures, after 4 h the biofilm culture degraded naph-
thalene quicker. Sloughing of cells was noted in the biofilm cultures, which is
common, and Shimada and colleagues found that the expression of nahAc, which
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Fig. 5.6 Schematic diagram of the MABR used to grow P. knackmussii B13 biofilm on
4-fluorobenzoate. The biofilm grew on the outer surface of the silicone tubing. (Reprinted from
Water Research, Volume 45, Misiak et al., Factors influencing 4-fluorobenzoate degradation in
biofilm cultures of Pseudomonas knackmussii B13, Pages 3512–3520, Copyright (2011), with
permission from Elsevier)
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codes for the large subunit of naphthalene dioxygenase, was much higher in these
cells than in planktonic cells. Thus, it was concluded that the rapid degradation of
naphthalene in biofilms was due to the detached cells rather than the cells remaining
in the biofilm.

5.4.3 Cunninghamella elegans

In addition to the application of the fungal biofilm to biocatalytic production of drug
metabolites, its usefulness in the biodegradation of pollutants has been investigated.
Hussain et al. (2017) investigated the bioremediation of water containing the dye
malachite green and the metal Cr (VI). An earlier study had shown that C. elegans
could degrade malachite green via leucomalachite green and N-demethylated and N-
oxidised products (Cha et al. 2001). The biofilm rapidly (15 min) absorbed the dye
from the water, which was followed by a slower decolourisation of the biomass; the
biofilm could be used repeatedly for dye decolourisation. Furthermore, when Cr
(VI) was also included in the water, this was simultaneously removed, even in the
presence of high salt concentrations, demonstrating that the biofilm was robust and
could be applied to the removal of several pollutants under harsh environmental
conditions.

Planktonically-grown C. elegans is able to biotransform agrochemicals such as
the insecticides fenitrothion and diazinon (Zhao et al. 2020; Zhu et al. 2017), and the
fungicide mepaniprim (Zhu et al. 2010). Palmer-Brown et al. (2019b) compared
planktonic and biofilm cultures of the fungus in the biodegradation of the pyrethroid
insecticide cyhalothrin and found that similar to malachite green, the compound was
initially biosorbed in the biofilm before being more slowly degraded. Interestingly,
planktonic cells were more effective at degrading the pesticide as only 6% of the
initial material remaining after 120 h, whereas, in the biofilm, 22% of the starting
substrate remained after the same incubation period. Repeated additions of pesticides
were not investigated in this study.

5.4.4 Bacillus subtilis N4

Acetonitrile is a toxic chemical that is biotransformed to hydrogen cyanide and
acetaldehyde. It can be degraded by some microorganisms, such as Pseudomonas
aeroginousa, Mesorhizobium sp. and Rhodococcus rhodochrous (Feng and Lee
2009; Chapatwala et al. 1990; Li et al. 2012), via the actions of nitrile hydratase
and amidase. The genes coding for these enzymes in R. rhodochrous BX2 were
cloned into B. subtilis N4, which grows well as biofilm. The strain was grown on
amine-modified polypropylene carriers, which were added to a movable bed biofilm
reactor (MBBR) that had been seeded with activated sludge (Li et al. 2018). The
biofilm was able to withstand repeated additions of synthetic wastewater containing
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acetonitrile and community analysis of the biofilm reactor revealed that the recom-
binant strain was the dominant organism after 50 days’ operation, demonstrating the
applicability of the organism to a wastewater treatment system.

5.5 Future Prospects

The research on productive biofilms is limited compared with the efforts that have
been made to investigate other methods of immobilisation. Nevertheless, the studies
consistently demonstrate that compared with suspended cultures, biofilms are more
robust, are resistant to toxic effects, are more productive and are stable over much
longer timeframes. However, there are obvious challenges to applying biofilms at
larger scales, notably sloughing, which is difficult to predict and control and might
lead to blockages in tubing or contamination of the product. Additionally, the
biofilm bioreactors are quite specialised; thus, considerable investment would be
required from industry if they were to be adapted. Nevertheless, there is sufficient
evidence that research on biofilms that might be applied in industry should be
accelerated.

In relation to biodegradation, although single-species biofilms might play an
important role in the decolourisation of dyes (Cerron et al. 2015; Malachova et al.
2013; Mawad et al. 2016; Munck et al. 2018; Novotny et al. 2012), the structural
complexity of many xenobiotics means that a single species is unlikely to have the
catabolic capacity to fully degrade a particular pollutant. Thus, mixed-species
biofilms are more useful in this regard. For instance, the degradation of isomeric
dinitrotoluene (DNT), i.e. 2,4-dinitrotoluene (2,4-DNT) and 2,6-dinitrotoluene
(2,6-DNT), was studied by Lendenmann et al. (1998) using mixed culture bacteria
that are capable of growing on these isomers as the sole carbon and nitrogen source.
In an aerobic fluidised-bed biofilm reactor, the mixed culture had a degradation
efficiency of 98% for 2,4-DNT and 94% for 2,6-DNT. Similarly, Oh and Tuovinen
(1994) studied biodegradation of the phenoxy herbicides
methylchlorophenoxypropionic acid (MCPP) and 2,4-dichlorophenoxyacetic acid
(2,4-D) using a mixed culture of herbicide-degrading bacterial biofilm in fixed-film
column reactors and found overall efficiency of degradation of MCPP was partial
and 2,4-D was complete. A major problem with current waste-water treatment
facilities is that pharmaceuticals and personal care products are not effectively
removed and consequently are released back into waterways where they are a
potential hazard. Bioaugmentation of mixed-species biofilms that are found in
wastewater treatment plants with strains developed for the biodegradation of specific
xenobiotics, such as that described in Sect. 5.4.4, is therefore an important strategy.
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