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Summary

The attachment strength of biofilm microbes is
responsible for the adherence of the cells to surfaces
and thus is a critical parameter in biofilm processes.
In tubular microreactors, aqueous-air segmented flow
ensures an optimal oxygen supply and prevents
excessive biofilm growth. However, organisms grow-
ing in these systems depend on an adaptation phase
of several days, before mature and strong biofilms
can develop. This is due to strong interfacial forces.
In this study, a hyperadherent mutant of Pseu-
domonas taiwanensis VLB120DCeGFP possessing an
engineered cyclic diguanylate metabolism, was
applied to a continuous biofilm process for the pro-
duction of (S)-styrene oxide. Cells of the mutant
P. taiwanensis VLB120DCeGFP D04710, showing the
same specific activity as the wild type, adhered sub-
stantially stronger to the substratum. Adaptation to
the high interfacial forces was not necessary in these
cases. Thereby, 40% higher final product concentra-
tions were achieved and the maximal volumetric pro-
ductivity of the parent strain was significantly

surpassed by P. taiwanensis VLB120DCeGFP D04710.
Applying mutants with strong adhesion in biofilm-
based catalysis opens the door to biological process
control in future applications of catalytic biofilms
using other industrially relevant strains.

Introduction

Biofilms are densely packed microbial communities of cells
enclosed in extracellular polymeric substances (EPS)
adherent to the interphase of aqueous systems (Flemming
et al., 2007). They attracted increasing attention as self-
immobilized biocatalysts for the production of industrially
relevant chemicals since they feature increased resistance
to toxic chemicals and physical robustness compared with
their planktonic counterparts (Rosche et al., 2009; Halan
et al., 2012). Besides numerous examples for the produc-
tion of bulk chemicals like ethanol (Weuster-Botz et al.,
1993; Kunduru and Pometto, 1996), lactic acid (Ho et al.,
1997; Tay and Yang, 2002) or butanol (Qureshi et al.,
2004), biofilms were also used for the synthesis of fine
chemicals (Hekmat et al., 2003; Li et al., 2006; Gross
et al., 2007; Meleigy and Khalaf, 2009) or enzymes
(Govender et al., 2010). In the last decades, a variety of
different biofilm reactor types has been developed includ-
ing packed bed reactors, fluidized bed reactors, air lift reac-
tors, up-flow anaerobic sludge blanket reactors and
membrane-aerated biofilm reactors (Halan et al., 2012).
Continuous membrane microreactors offer the advantage
of high surface to volume ratios which is a key parameter
for obtaining high volumetric productivities (Van Loos-
drecht and Heijnen, 1993). Recently, the problems of oxy-
gen limitation and clogging which frequently occur in
membrane microreactors, were overcome by the introduc-
tion of an aqueous-air segmented flow (Karande et al.,
2014). The concept of the segmented flow was success-
fully applied to Pseudomonas taiwanensis VLB120DC bio-
films for the continuous production of (S)-styrene oxide
reaching volumetric productivities up to 46 g Laq

�1 day�1.
However, P. taiwanensis VLB120DC had to be adapted
stepwise to the high shear stresses introduced by the seg-
mented flow, in order to allow the development of a mature
biofilm. This adaptation phase was characterized by low
volumetric productivities for several days due to the small
amount of biomass in the system.
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In this work, the problem of weak initial attachment
forces was addressed by applying a hyperadherent
mutant of the (S)-styrene oxide production strain
P. taiwanensis VLB120DCeGFP. The variant P. taiwa-
nensis VLB120DCeGFP D04710 possessing a genetically
engineered cyclic diguanylate (c-di-GMP) metabolism
(Schmutzler et al., 2015, 2016) carried a deletion of a
phosphodiesterase highly similar to BifA of other pseu-
domonads (Kuchma et al., 2007, 2010; Jim�enez-Fern�an-
dez et al., 2015). This mutant developed macroscopic
aggregates in dependency of the supplied carbon source.
In minimal medium supplemented with carbohydrates or
gluconate the variant showed heavy autoaggregation with
enhanced adhesiveness of the cells due to excreted EPS
material and/or enhanced cell surface hydrophobicity
compared with the parent strain (Schmutzler et al., 2015,
2016). The attachment behaviour of the autoaggregates
to silicone rubber and the biofilm formation of P. taiwa-
nensis VLB120DCeGFP D04710 were studied in detail.
Mutant and parent strain were cultivated according to Kar-
ande et al. (2014) under process conditions for the contin-
uous synthesis of (S)-styrene oxide. By applying the
hyperadherent mutant, the unproductive adaptation phase
of the parent strain was circumvented and the final pro-
duct concentration was substantially increased.

Results

Significantly stronger adhesion of P. taiwanensis
VLB120DCeGFP D04710

Our previous study showed that P. taiwanensis
VLB120DCeGFP D04710 forms cell aggregates (Fig. 1A)
containing considerable amounts of EPS, when grown in
M9 (0.5% (wt/vol) glucose) medium (Schmutzler et al.,
2015, 2016). These cell autoaggregates were observed
to adhere strongly to polymeric and glass surfaces
(Fig. 1B) indicating altered attachment properties of

P. taiwanensis VLB120DCeGFP D04710 to solid sur-
faces. The adhesion behaviour of this mutant to silicone
tubing was investigated in more detail as this material
was used for the reaction compartment in a biofilm reac-
tor in previous studies (Gross et al., 2007, 2010; Karande
et al., 2014). The impact of different growth rates during
biofilm formation can be neglected due to the short assay
time of 3 h. The biomass of P. taiwanensis
VLB120DCeGFP D04710 adhering to the inner wall of
the tubes was substantially higher under all flow condi-
tions compared with the control and decreased only
slightly with increasing flow (Fig. 2). In contrast, P. taiwa-
nensis VLB120DCeGFP showed only negligible amounts
of biomass which indicates that the majority of cells were
flushed out and only single cells remained attached to
the surface. Whether the strong adhesion of P. taiwanen-
sis VLB120DCeGFP D04710 was caused by the altered
surface properties of the strain or the excreted EPS of
the aggregates needs to be further elucidated.
To make sure that the enhanced attached biomass

was not due to higher cell numbers in the P. taiwanensis
VLB120DCeGFP D04710 preculture, the remaining
inoculum of both strains was centrifuged, dried and
quantified. The biomass of the P. taiwanensis
VLB120DCeGFP D04710 inoculum was always slightly
below the values of the parent strain.

Hyperbiofilm formation of the mutant P. taiwanensis
VLB120DCeGFP D04710

The attachment assay clearly showed an enhanced
adhesiveness of P. taiwanensis VLB120DCeGFP
D04710 aggregates to silicone surfaces. Therefore, we
focused on the impact of the mutation on later stages of
biofilm maturation. The biofilm formation of P. taiwanen-
sis VLB120DCeGFP D04710 and, for comparison, the
parent strain P. taiwanensis VLB120DCeGFP were

(A) (B)

Fig. 1. Aggregate formation of Pseudomonas taiwanensis VLB120DCeGFP D04710 in planktonic overnight cultures.
A. Autoaggregates of P. taiwanensis VLB120DCeGFP D04710 (left) in comparison with free swimming cells of P. taiwanensis VLB120DCeGFP
(right); strains were grown in M9 minimal medium (0.5% (wt/vol) glucose).
B. Adhesion of P. taiwanensis VLB120DCeGFP D04710 to the glass wall of a shaking flask.
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studied in silicone tubings under different flow regimes.
An aqueous-air segmented flow (100 ll min�1 medium;
100 ll min�1 air) was included.
Pseudomonas taiwanensis VLB120DC eGFP D04710

developed substantially more biofilm biomass under all
tested conditions (Fig. 3A). The strongest impact of the
mutation was observed in the presence of segmented
aqueous-air flow. In addition, the effluent of P. taiwanen-
sis VLB120DCeGFP D04710 contained less detached
biomass compared with the control despite the signifi-
cant amount of biofilm biomass in the tubings (Fig. 3B).

This finding indicated that, besides the increased initial
attachment of the mutant, the adhesion of the cells dur-
ing the biofilm maturation phase was also enhanced
compared with the parent strain, which is a highly
promising finding. Furthermore, quantification of viable
cells (detected via the resofurin assay and eGFP mea-
surement) and total biofilm biomass in P. taiwanensis
VLB120DCeGFP D04710 and the parent strain under
segmented flow conditions revealed the same ratio of
biofilm biomass to viable cells in both, mutant and parent
strain biofilms (Fig. 4A). These results clearly emphasize
that the enhanced biofilm biomass of P. taiwanensis
VLB120DCeGFP D04710 was not solely attributed to an
increased EPS formation. Thus, a true benefit of the
mutation for biotransformation performance was to be
expected due to higher biocatalyst quantities.

Improving process performance by reactor optimization

In a recent study, P. taiwanensis VLB120DC biofilm was
applied to a tubular microreactor setup under segmented
flow conditions (Karande et al., 2014). The changed flow
conditions led to an altered biofilm architecture, oxygen
supply, a better mass transfer of nutrients, substrate and
products and finally to an improved biofilm process. Nev-
ertheless, this approach necessitated a step-wise adapta-
tion of the strain to the higher interfacial forces over
7 days. Thus, the applicability of the hyperadherent
P. taiwanensis VLB120DCeGFP D04710 to a microreac-
tor system as described in Karande et al. (2014) was elu-
cidated in detail. In order to maximize overall reactor
performance, a couple of parameters were modified
namely the fluidic conditions (aqueous and air flow rates),
tube length, thickness and substrate exposure (Table 1).

Fig. 2. Initial adherence of Pseudomonas taiwanensis
VLB120DCeGFP D04710 and control strain P. taiwanensis
VLB120DeGFP to 10 cm long silicone tubings under various flow
rates. After 2 h attachment phase, the medium flow of 100 ll min�1,
500 ll min�1 or 5 ml min�1, respectively, was started for 1 h to
flush out non-adhered cells. Afterwards, the silicone tubes were
removed and the first 10 cm of each were used for quantification of
the attached biomass by crystal violet (CV) staining.

Fig. 3. Attached and detached biofilm biomass of Pseudomonas taiwanensis VLB120DCeGFP D04710 and the control strain P. taiwanensis
VLB120DCeGFP grown in silicone tubes applying single-phase aqueous flow rates of 100 ll min�1 and 500 ll min�1 or two-phase aqueous-air
segmented flow of 100 ll min�1 medium and 100 ll min�1 air. Errors bars represent standard deviation of triplicates.
A. Total biofilm dry weight (BDW) of biofilms grown in 40 cm long silicone tubings.
B. Detached biofilm biomass during continuous biofilm cultivation. One data point reflects the amount of biomass in 10 ml effluent.
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Low medium and air flow of 100 ll min�1 correlated
with a low volumetric productivity (Table 1A), mainly due
to oxygen and nutrient limitations. Therefore, the medium
and air flow was increased to 250 ll min�1 and 1 or
2 ml min�1 respectively. The change in air flow from 1 to
2 ml min�1 prevented clogging of the system occurring
at the tube connectors without significant changes in the
volumetric productivities (Table 1B and E). Thus, the
optimal conditions turned out to be air supply of
2 ml min�1 and a tube length of 40 cm due to easier
handling of the overall system. Extension of the tube to

1 m (Table 1D) or 2 m (Table 1F) was tested for two
conditions but frequently resulted in tube kinking fol-
lowed by flow blockage. Furthermore, complete submer-
sion of silicone tube in the styrene phase for maximizing
styrene mass transfer was also tested for two conditions
(Table 1C and F). In both cases, complete submersion
did not enhance volumetric productivity, as major parts
of the biofilms were infrequently detached, probably due
to toxification. Therefore, a partly submerged setup was
preferred. Higher volumetric productivities could be
achieved by applying tubes with smaller ID and thinner
walls (Table 1F and G) due to better mass transfer of
styrene and (S)-styrene oxide. However, the thinnest
tubing (wall thickness 0.3 mm) was very fragile and diffi-
cult to handle. Based on several sets of experiments
(Table 1A–G), the optimal reactor configuration and run-
ning conditions for further biotransformations were as fol-
lows: silicone tubing with dimension of 1.5 mm inner
diameter (ID), 3 mm outer diameter (OD) and 40 cm
length; flow rate 250 ll min�1 medium and 2 ml min�1

air; and addition of 20 ml of styrene to the reaction com-
partment as organic substrate and product extraction
phase.

Strong adhesion of P. taiwanensis VLB120DCeGFP
D04710 overcomes adaptation phase

Applying the optimal conditions determined in the previ-
ous experiments, the biocatalytic performance of P. tai-
wanensis VLB120DCeGFP D04710 and the parent strain
was monitored over 336 h. (S)-styrene oxide accumula-
tion in the organic phase of the reactor was quantified.
The organic phase was not exchanged during the whole
experiment as (S)-styrene oxide concentrations below
500 mM are nontoxic for P. taiwanensis VLB120DC bio-
films (Gross et al., 2010).

(A) (B)

Fig. 4. Biofilm dry weight (BDW) and viable cells in biofilms deter-
mined via the resazurin and eGFP assay. Values are given as a
ratio of the quantities of the mutant Pseudomonas taiwanensis
VLB120DCeGFP D04710 to the parent strain P. taiwanensis
VLB120DCeGFP.
A. Biofilms after 48 h of standard cultivation under segmented flow
conditions. Errors bars represent standard deviation of triplicates.
B. Biofilms after 336 h of biotransformation under segmented flow
conditions. Error bars represent standard deviation of five replicates.

Table 1. Maximal volumetric productivities in various tubular reactor setups within 120 h biofilm process using Pseudomonas taiwanensis
VLB120DCeGFP D04710. The dilution rate was calculated based on the total air and medium flow. In brackets, values are given solely for the
medium flow. The maximal volumetric productivities were calculated as an average of at least two replicates.

No.
ID
(mm)

Wall
thickn.
(mm)

Length
(cm)

Medium
flow
(ll min�1)

Air flow
(ll min�1)

Dilution
rate (h�1)

Vol.
styrene
(ml)

Max. vol.
productivity
within 120 h
(g Laq

�1 day�1)
Problems during biofilm
process

A 3 1 40 100 100 4.2 (2.1) 20 6.5
B 3 1 40 250 1000 26.5 (5.3) 20 38.9 Tube connector clogging
C 3 1 40 250 1000 26.5 (5.3) 80 29.5 Tube connector clogging;

detachment of biofilm parts
D 3 1 100 250 1000 10.6 (2.1) 20 8.5 Tube connector clogging;

tubes kinked
E 3 1 40 250 2000 47.8 (5.3) 20 34.6
F 2 0.3 200 250 2000 21.5 (2.4) 80 76.6 Detachment of biofilm parts;

tubes broke occasionally;
tubes kinked

G 2 0.3 40 250 2000 107.4 (11.9) 20 164.0 Tubes broke occasionally
H 1.5 0.75 40 250 2000 191.0 (21.2) 20 92.0
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The experiment was divided into three distinct phases
(Fig. 5). In phase I, P. taiwanensis VLB120DCeGFP
D04710 directly started to produce (S)-styrene oxide
after styrene addition with a maximal volumetric produc-
tivity of 38.7 g Laq

�1 day�1. In contrast, the control strain
produced only marginal amounts during the first 48 h. In
phase II, the volumetric productivity of both strains fur-
ther increased to a maximum of 139.1 g Laq

�1 day�1 for
P. taiwanensis VLB120DCeGFP D04710 after 132 h and
118.4 g Laq

�1 day�1 for the parent strain after 156 h.
After that time period, both strains showed comparable
volumetric productivities fluctuating around
100 g Laq

�1 day�1. Finally in phase III, the air flow was
increased to 4 ml min�1 which directly resulted in a sev-
ere decline in the product formation rate. It could be
speculated that due to the high flow rates, the respective
residence times of the reactants were too short for suffi-
cient conversion. After 336 h of biotransformation, the
parent strain had accumulated 217.6 mM of the product
while the mutant produced 40% more (S)-styrene oxide
(303.6 mM). At all times, (S)-styrene oxide concentra-
tions measured for P. taiwanensis VLB120DCeGFP
D04710 were significantly higher (P ≤ 0.005) as com-
pared with the parent strain (Fig. 5). The amount of glu-
cose in the effluent remained above 1.5 g l�1 which
indicates that the system was not glucose limited. The
fraction of viable cells determined at the end of the
experiment was comparable for both strains (Fig. 4B).
Both strains also showed comparable volumetric produc-
tivities at later time points of the biotransformation. This
indicates that the parent strain and the mutant P. taiwa-
nensis VLB120DCeGFP D04710 exhibited the same
specific activity described as the specific rate of (S)-styr-
ene oxide formation per cell (Meyer et al., 2006).

Discussion

Factors involved in the adhesion of microorganisms

The attachment of bacterial cells to surfaces is the first
step during biofilm formation. It is influenced by various
parameters including environmental condition, cellular
surface structures, hydrophobic interactions and
exopolysaccharides (Goulter et al., 2009; Petrova and
Sauer, 2012). In the present study, the autoaggregating
strain P. taiwanensis VLB120DCeGFP D04710 adhered
distinctly stronger to the attachment surface compared
with the parent strain as shown with the attachment
assay and during standard biofilm cultivations. This
hyperadhesive behaviour reduced the usual lag phases
for biofilm catalytic performance in silicone-based
microreactors to zero. In contrast, the parent P. taiwa-
nensis VLB120DCeGFP showed much weaker adhesion
to the tubings and responded to high interfacial forces
generated by a two-phase aqueous-air flow with an
adaptation phase without product formation. In the seg-
mented flow system, the interfacial forces were
described to be at least 104-fold higher than the adhe-
sion forces holding the freshly adhered single cells to
the substratum. This consequently resulted in detach-
ment of cells upon segmented flow (Karande et al.,
2014). On the other hand it was speculated that the
secretion of EPS increases the attachment forces of the
cells which finally allows the cells to overcome the inter-
facial forces generated by the segmented flow and form
a biofilm. These suggestions are in good agreement to
our findings since the aggregates of P. taiwanensis
VLB120DCeGFP D04710 were shown via confocal
laser-scanning microscopy and scanning electron micro-
scopy to excrete considerable amounts of EPS material

Fig. 5. Biotransformation of styrene to (S)-styrene oxide using Pseudomonas taiwanensis VLB120DCeGFP D04710 and control strain
P. taiwanensis VLB120DCeGFP. The experiment is divided into three phases. Phase I represents the adaptation phase of the control strain
while P. taiwanensis VLB120DCeGFP D04710 already produces significant amounts of (S)-styrene oxide. Phase II shows the production phase
of both strains. After 288 h (phase III) the air flow was increased to 4 ml min�1. The volumetric productivities are averaged values of five repli-
cates. Error bars represent standard deviation of five independent replicates.
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(Schmutzler et al., 2015, 2016). Therefore, it can be con-
cluded that P. taiwanensis VLB120DCeGFP D04710
aggregates probably gained additional binding forces
due to the presence of EPS as compared with the plank-
tonic cells of the parent strain. In addition to the pres-
ence of extracellular polysaccharides, the P. taiwanensis
VLB120DCeGFP D04710 mutant exhibited an increased
cell surface hydrophobicity compared with the parent
strain (Schmutzler et al., 2015, 2016). A positive correla-
tion between hydrophobicity and adhesion was
described for a variety of other microorganisms (Perez
et al., 1998; Del Re et al., 2000; Pan et al., 2006). The
fact that a minor fraction of the control strain P. taiwa-
nensis VLB120DCeGFP survived the start of the seg-
mented flow serving as ‘starters’ for a new, adapted
biofilm might be explained by the adhesion of single
cells to small uneven places on the silicone surface
exhibiting lower hydrodynamic forces. Alternatively, sin-
gle cells might exhibit a natural variance in the strength
of their attachment. Afterwards, these single cells
adapted to the flow conditions by the excretion of EPS;
a process that lasted in this study approximately 2 days.
Our approach clearly demonstrated that the application

of a mutant with strong attachment and increased biofilm
formation optimizes the biofilm processes in tubular set-
ups. Similar strategies using mutants with enhanced
adhesion during biofilm biocatalysis, are, to our knowl-
edge, only described for strains with overexpressed
extracellular adhesins, namely the bacterial fibre protein
AtaA in Acinetobacter sp. ST-550 producing indigo (Ishi-
kawa et al., 2014) or adhesive curli in E. coli K12 produc-
ing 5-halotryptophan (Tsoligkas et al., 2011; Perni et al.,
2013). In the current study, a mutant with a deletion of a
gene encoding a putative phosphodiesterase responsible
for the degradation of the second messenger c-di-GMP
was applied (Roemling et al., 2013). Mutants of P. aerug-
inosa and P. putida carrying deletions of bifA, which is
highly similar to PVLB_04710, also exhibited increased
biofilm formation but showed no trophic autoaggregation
(Kuchma et al., 2007, 2010; Jim�enez-Fern�andez et al.,
2015). Mutants showing enhanced biofilm formation due
to a mutation regarding phosphodiesterase-encoding
genes are described for numerous other microorganisms
including P. fluorescens, E. coli, Zymomonas mobilis,
Clostridium difficile or Klebsiella pneumonia (Gjermansen
et al., 2006; Starkey et al., 2009; Bordeleau et al., 2011;
Newell et al., 2011; Sanchez-Torres et al., 2011; Wilksch
et al., 2011; Jeon et al., 2012). Besides increasing intra-
cellular c-di-GMP concentrations, several other strategies
are described in literature to enhance the adhesion of
bacteria, for instance, by overexpressing adhesive sur-
face proteins or EPS polysaccharides (Ma et al., 2006;
Ulett et al., 2007; Salda~na et al., 2009; Borlee et al.,
2010). Thus, the current approach applying a

hyperbiofilm mutant in order to enhance the catalytic per-
formance could be also transferred to other industrially
relevant microorganisms when the respective trigger for
hyperadhesion is known.

Enhancing the performance of catalytic biofilms

Over the last decade, several studies have been accom-
plished to optimize the catalytic performance of P. taiwa-
nensis VLB120DC biofilms applying different biofilm
reactor setups (Table 2) (Gross et al., 2007, 2010;
Karande et al., 2014). While these studies focused on
process and reaction engineering targets (Willrodt et al.,
2015), the current approach was concentrating on biofilm
engineering to improve reactor performance. A hyperad-
herent mutant was applied and the hitherto highest pro-
ductivity compared with previous studies was observed
(139 g Laq

�1 day�1). The mutant directly started to pro-
duce (S)-styrene oxide after a short pre-cultivation time of
only 24 h and accumulated 40% more product after
14 days of biotransformation compared with the parent
strain. Interestingly, the values for P. taiwanensis
VLB120DCeGFP showing a maximal volumetric produc-
tivity of 118 g Laq

�1 day�1 were also increased com-
pared with former studies indicating that the here applied
conditions are not only beneficial for the mutant but in
general is also optimal for this specific conversion using
this strain. In a previous study it was reported that the wild
type was unable to develop biofilms when the segmented
flow was directly applied after the attachment phase (Kar-
ande et al., 2014). Therefore, the respective system was
run with a single-phase aqueous flow for 3 days before
the air flow and the biotransformation was started. In the
here reported approach, the segmented flow was directly
initiated after inoculation followed by a short pre-cultiva-
tion period of 24 h. Afterwards, the biotransformation was
started resulting in highly improved volumetric productivi-
ties. We found convincing evidence that the mutant and
the parent strain exhibited comparable specific activities
since the cell numbers and productivities were similar for
both strains in the end of the biotransformation. There-
fore, the outperformance of the mutant was probably
caused by the enhanced adhesiveness to the substratum
resulting in higher cell numbers at the beginning of the
biotransformation. It can be speculated that matured bio-
films of P. taiwanensis VLB120DCeGFP D04710 also
adhere stronger and further studies should investigate the
EPS composition of both strains at different time points of
biofilm development.

Conclusion

The application of the hyperadherent P. taiwanensis
VLB120DCeGFP D04710 possessing a genetically
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engineered c-di-GMP metabolism in a capillary microre-
actor for the production of (S)-styrene oxide allowed for
fast flow rates. Its strong adhesion to the capillary mate-
rial resulted in substantially higher biocatalyst cell num-
bers in the beginning of the process compared with the
parent strain. Therefore, P. taiwanensis VLB120DCeGFP
D04710 overcame the usual unproductive adaptation
phase and distinctly surpassed the final product concen-
tration and maximal volumetric productivity of the parent
strain. The current approach of using mutants with engi-
neered adhesion behaviour has great potential for future
biofilm processes using other industrially interesting
microorganisms.

Experimental section

All chemicals used in this study were purchased from
Sigma-Aldrich (Steinheim, Germany), Merck (Schwal-
bach, Germany) or AppliChem (St. Louis, MO, USA)
at the highest purity grade available unless stated
otherwise.

Strains and planktonic culture conditions

The microorganisms used in this report were P. taiwa-
nensis VLB120DCeGFP and P. taiwanensis
VLB120DCeGFP D04710 (Schmutzler et al., 2015,
2016). Pseudomonas taiwanensis VLB120 is deposited
at the German Collection of Microorganisms and Cell
Cultures (DSMZ), deposition number: DSM 24711. For
pre-cultures, 5 ml of Lysogeny broth (LB) (Bertani, 1951)
was inoculated from �80°C glycerol stocks and incu-
bated overnight at 30°C and 200 r.p.m. (2.5 cm ampli-
tude; Multitron standard shaker Infors HT, Bottmingen,
Switzerland). Afterwards, 1 ml of the pre-culture was
centrifuged and washed with sterile 0.9% (wt/vol) NaCl
solution to reduce the amount of residual LB medium.
The cells were diluted 1:100 (vol/vol) in M9 minimal
medium (Sambrook and Russel, 2001) supplemented
with 0.5% (wt/vol) glucose and 100 lg ml�1 strepto-
mycin. Cultures were subsequently cultivated overnight

at 30°C and 200 r.p.m. (2.5 cm amplitude; Multitron
standard shaker Infors HT) in baffled shaking flasks (air-
phase/liquid 10:1 (vol/vol).

Standard biofilm cultivation

The tubular cultivation setup for biofilm characterization
was previously described (Schmutzler et al., 2015,
2016). In brief, the biofilms were cultivated in silicone
tubings (ID 3 mm, OD 5 mm; VWR, Langenfeld, Ger-
many) connected via Tygon tubings (ID 2.06 mm, OD
3.78 mm; Ismatec, Wertheim, Germany). The assembled
system was autoclaved and subsequently conditioned
for 1 h with M9 minimal medium supplemented with
0.5% (wt/vol) glucose and 100 lg ml�1 streptomycin
(flow rate 500 ll min�1) before it was inoculated with
freshly prepared M9 medium pre-cultures using syringes.
Prior to inoculation, aggregates of the P. taiwanensis
VLB120DCeGFP D04710 pre-culture adhering to the
glass of the shaking flasks were detached using a sterile
inoculation loop. During inoculation, the medium flow
was stopped and the systems were kept idle for 2 h to
allow initial attachment of the cells to the inner wall of
the silicone tubes. Afterwards, the pumps (multichannel
peristaltic pump IPC; Ismatec) were started again.
Respective flow rates were indicated as either
100 ll min�1 medium flow, 500 ll min�1 medium flow or
100 ll min�1 medium plus 100 ll min�1 air flow.
Effluent samples were regularly collected in order to

quantify the detached biomass as well as glucose and
gluconate. After the respective incubation period (1, 2,
4 days), the silicone tubes with the biofilms were
removed for further characterization.

Biofilm biotransformation

The reactor setup (Fig. S1) and biofilm cultivation was
largely identical to the approach of Karande et al. (2014)
with slight modifications as briefly outlined below. Sili-
cone tubes of various length, wall thickness and ID as
listed in Table 1 were used in order to find optimal

Table 2. Comparison of the maximum volumetric productivities of Pseudomonas taiwanensis VLB120 strains during the biotransformation of
styrene to (S)-styrene oxide in different biofilm reactor setups.

Reference

Maximal vol.
productivity
(g Laq

�1 day�1) Strain Biofilm substratum and flow conditions

Gross et al. (2007) 16 P. taiwanensis VLB120DC Partly submerged silicone tubes, single-phase flow
Gross et al. (2010) 70 P. taiwanensis VLB120DC Partly submerged silicone tubes, single-phase flow
Halan et al. (2010) 28 P. taiwanensis VLB120DC Aerated microporous ceramic unit
Karande et al. (2014) 46 P. taiwanensis VLB120DC Silicone tubes; aqueous-air segmented flow
This study 118 P. taiwanensis VLB120DCeGFP Silicone tubes; aqueous-air segmented flow
This study 139 P. taiwanensis VLB120DCeGFP

D04710
Silicone tubes; aqueous-air segmented flow
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conditions. The inoculation of the cultivation tubing was
done as described above. After the 2 h attachment
phase, the air flow was directly started together with the
medium flow. Subsequently, the respective medium and
air flow ran for 24 h. Then, the biotransformation sub-
strate styrene (20 or 80 ml) was pipetted into the 100 ml
reaction compartment that was afterwards tightly sealed
to minimize evaporation of the organic phase. When only
20 ml of styrene was added, special care was taken that
about 20% of the cultivation tubing was submerged
(Gross et al., 2010). Sampling of the organic phase was
done through the lids of the reaction compartment using
a syringe with a 120 mm long needle. Effluent samples
were regularly collected to quantify glucose and
gluconate.

Quantification of detached biofilm biomass in the effluent

During standard biofilm cultivations, detached biofilm bio-
mass was quantified in the effluent in 24 h intervals.
Therefore, 10 ml of the efflux liquid was collected on ice
and subsequently filtered through a weighted and pre-
dried cellulose acetate filter with pore sizes of 0.22 lm
(Sartorius Stedim Biotech, G€ottingen, Germany) using a
water jet pump. The filters were dried overnight to a con-
stant weight at 85°C before the biomass weight was
determined by differential weighting.

Quantification of biofilm biomass in the silicone tubings

The biomass of the biofilms grown inside the silicone
tubes during standard biofilm cultivations was quantified
as described previously (Schmutzler et al., 2015, 2016).
Briefly, the biofilm was completely detached by rigor-
ously rolling a cylinder on the sealed tubes before the
biofilm was flushed out in pre-dried, weighted falcon
tubes. After centrifugation (30 min; 4°C; Kendro Heraeus
Multifuge, Langenselbold, Germany), the biofilm biomass
was carefully separated from the supernatant and dried
to a constant weight for 48 h at 85°C. The biofilm dry
weight (BDW) was quantified by differential weighting.
For experiments in which the amount of viable cells

(see below) was quantified in addition, the biofilm sam-
ple was split and only 150 ll of the detached biofilm bio-
mass was filtered through the above described cellulose
acetate filters, which were afterwards dried and
weighted.

Quantification of viable cells in the biofilms

The BDW quantification summarizes living and dead
cells as well as EPS material. To determine the viable
cells in the biofilms, resazurin reduction and eGFP fluo-
rescence was measured. The resazurin assay is based

on the reduction of resazurin to resofurin by metaboli-
cally active cells (Peeters et al., 2008). The biofilm bio-
mass was centrifuged (30 min; Kendro Heraeus
Multifuge) and resuspended in 0.9% (wt/vol) NaCl solu-
tion. Afterwards, 2 ml of diluted (1:10, 1:100, 1:1000 with
0.9% (wt/vol) NaCl) biofilm sample was supplemented
with 20 ll of freshly prepared 0.01% (wt/vol) resazurin
solution and incubated in the dark (30°C; 200 r.p.m.;
2.5 cm amplitude; Multitron standard shaker Infors HT).
After 90 min, 200 ll was transferred to a microtitre plate
(PolySorp, black; VWR, Darmstadt, Germany) and the
product resofurin was quantified (Infinite M200; Tecan,
Mannedorf, Switzerland) via fluorescence (kex: 535 nm
and kem: 590 nm).
In parallel, the eGFP fluorescence of the biofilm cells

which was previously shown to directly reflect the num-
ber of viable cells in a sample, was quantified (Lehtinen
et al., 2004). For determining eGFP fluorescence, vari-
ous dilutions of the respective biofilm samples were pre-
pared using 0.9% (wt/vol) NaCl solution. Samples were
measured in a microtiter plate (PolySorp, black; VWR,
Darmstadt) on a microtitre plate reader (Infinite M200;
Tecan) at kex: 488 nm and kem: 525 nm.
Other methods like biomass plating turned out to be a

very inaccurate for quantifying cell numbers due to cell
aggregation.

Attachment assay

The setup for the attachment assay was identical to the
standard biofilm cultivations. After the 2 h attachment
phase, the medium flow of 100 ll min�1, 500 ll min�1

or 5 ml min�1, respectively, was started for 1 h to flush
out non-adhered cells. Afterwards, the silicone tubes
were removed and the first 10 cm of each were used for
quantification of the attached biomass by crystal violet
(CV) staining. Since CV binds to negatively charged
molecules, both, cells and EPS, were stained (Peeters
et al., 2008). To obtain a better exposure of the biomass
to the dye, the tubes were sliced lengthwise. Subse-
quently, they were incubated for 5 min in 0.1% (wt/vol)
CV solution (in sterile water) at 50 r.p.m. (2.5 cm ampli-
tude; Multitron standard shaker Infors HT). Unbound CV
was removed in three sequential washing steps with tap
water before the tubes were dried for 1 h at 65°C. The
tubes were destained overnight at 50 r.p.m. (2.5 cm
amplitude; Multitron standard shaker Infors HT) in 15 ml
of an acetone/ethanol (20:80) mixture in tightly sealed
reaction tubes. Afterwards, the absorbance of the
destaining solution was measured in a VIS photometer
(spectrophotometer Biochrom Libra S12; Biochrom,
Cambridge, UK) at 595 nm. As a negative control, tubes
that were identically incubated but not inoculated with
cells, were always included in the experiments.
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Sample preparation and gas chromatography analysis

The volumetric productivity (g Laq
�1 day�1) of the bio-

films was defined as the amount of (S)-styrene oxide
produced per litre of aqueous phase per 24 h (Halan
et al., 2010). Since it has been shown that less than
10% of the total (S)-styrene-oxide was stripped into the
aqueous effluent, only the organic phase was analysed
(Karande et al., 2014). (S)-styrene oxide concentrations
were quantified on a Focus gas chromatography (GC)
gas chromatograph (Thermo Electron Corporation, Dreie-
ich, Germany) as described previously (Karande et al.,
2014).

Sample preparation and high-performance liquid
chromatography analysis

For the quantification of the glucose consumption and
gluconate production of the biofilm cells, 2 ml of effluent
was regularly collected. For purification, organic solvents
were extracted using bis-(2-ethylhexyl) phthalate and the
aqueous phase was analysed on a LaChrom Elite high-
performance liquid chromatography system (Hitachis
High Technologies America, Pleasanton, CA, USA) as
described earlier (Gross et al., 2010).

Statistical analysis

The data obtained from the biotransformation experi-
ments were analysed using the Mann–Whitney U-test.
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Supporting information

Additional Supporting Information may be found online in
the supporting information tab for this article:

Fig. S1. Capillary-based cultivation set-up for (S)-styrene
oxide production using Pseudomonas taiwanensis
VLB120DC biofilm as catalyst. The Biofilm is growing inside
the capillary, sitting in a bottle which is filled partly with the
biotransformation substrate styrene. Styrene enters the cap-
illary via diffusion, is converted by the biofilm to (S)-styrene
oxide, which is then again extracted to the styrene reservoir.
The tubing is continuously flushed with M9 medium, supple-
mented with glucose as carbon source.
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