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Automatic biodetector of water toxicity is a biosensor based on monitoring of catalytic activity of the
nitrifying bacteria. To create a standardized biosensing system, development of the biofilm must be char-
acterized to determine the prerequisites for its biological (biocatalytic) stability. In this paper, growth of
biofilm comprising ammonium-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in the open
cellular polyurethane material polyurethane sponge bioreactor has been investigated.

Dynamics of the biofilm formation was estimated using AOB and NOB metabolic activity and the vol-
ume occupied by these two types of bacteria in the biofilm. Spectrophotometry liquid ion chromatogra-
phy and image cytometry were used, respectively, for these measurements. A mathematical model of the
dynamics of biofilm formation was established. These data indicate that open cellular polyurethane
material is a good basis for the immobilization of nitrifying bacteria. Moreover, growth of the biofilm
leads to its stable structural form, whose biocatalytic activity (12.29 for AOB and 6.84 lmol min�1 for
NOB) is constant in the long term.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A release of anthropogenic toxins to the environment results in
a growing need for environmental monitoring. The use of biosen-
sing for that purpose permits simultaneous detection of diverse
chemical components that contribute to overall toxicity level in
water. There are several commercially available biosensing sys-
tems, based on luminescent marine bacteria (Microtox), plankton
organisms (Daphtoxkit F, Protoxkit F, Algaltoxkit F) (Christensen
et al., 1992; Pessala et al., 2004; Kahru et al., 2008), molluscs (Unio
tumidus, Symbio) and fishes (Gnathonemus petersii). Despite their
obvious usefulness, these systems have certain limitations. First,
their response time is usually long (from 24 h to several days), with
the exception of systems using bacteria as the sensing element.
Second, they may require a number of samples (with the exception
of systems based on higher organisms) and therefore do not permit
in situ measurements. In order to solve these problems and create
system for fast, continuous estimation of water toxicity, in situ
may apply nitrifying bacteria as a sensing element.

Nitrification is a multi-stage biological transformation of re-
duced forms of nitrogen to nitrate. The nitrification reactions are
ll rights reserved.
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catalyzed by two groups of ubiquitous lithoautotrophic bacteria.
The first group comprises ammonium-oxidizing bacteria (AOB),
and the second group comprises nitrite-oxidizing bacteria (NOB)
(Hovanec et al., 1998; Bothe et al., 2000; Gieseke et al., 2001; Koops
and Pommerening-Röser, 2001; Kowalchuk and Stephen, 2001;
Mota et al., 2005). In aquatic environments, genera of both AOB
and NOB have been observed exclusively in the form of flocs or
biofilms.

Use of nitrifying bacteria for biosensing is motivated by their
high sensitivity (Ilzumi et al., 1998; König et al., 1998; Cui et al.,
2005) to a wide range of toxins, including phenols (Ilzumi et al.,
1998; König et al., 1998), cyanides (Kim et al., 2008) and heavy
metals (Chandran and Love, 2008; Park and Ely, 2008). Moreover,
the nitrifying bacteria have natural ability to form biofilms (Liu
and Tay, 2001). Thus, unlike other bacteria used as active elements
of biodetectors (Bang et al., 2001; de Ory et al., 2004) and biosen-
sors (Blum, 1997; Bettaieb et al., 2007), they do not require artifi-
cial immobilization. Therefore, we present a biosensor based on
consortia of nitrifying bacteria immobilized on a porous carrier
(polyurethane) to detect the presence of toxins in flowing water.
The bacteria were immobilized during growth by the formation
of complexes of surface-associated cells enclosed in a matrix of
extracellular polymeric substances (EPS) (Wimpenny et al.,
2000). The biofilm is usually populated together by the two groups
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of bacteria (catalyzing two stages of nitrification), linked by mutu-
alistic interactions. Composition and spatial architecture of such
biofilms are, in general, non-uniform and may vary in time. There-
fore, to create a standardized biosensing system, the development
of the biofilm must be characterized to determine the prerequisites
for its biological (biocatalytic) stability. In other words, conditions
in which the biofilm stability will be maintained by its natural
homeostasis have to be established. We have applied spectropho-
tometry, ion chromatography and image cytometry complemented
by computed X-ray tomography (Al-Raoush and Willson, 2005; Xi
et al., 2006). Furthermore, we described the biofilm development
using a mathematical model (Diaz et al., 1999; Lokshina et al.,
2001; Tsoularis and Wallace, 2002; Fujikawa et al., 2004; van Impe
et al., 2005; Liu, 2006; Peleg et al., 2007).
2. Materials and methods

In our experiment, biofilm growth in the automatic biodetector
of water toxicity (ABTOW) bioreactor with high ammonium level
was examined. Non-buffered mineral medium was used for that
purpose. Ammonium concentration and pH were corrected daily
to 7.6 mM and 7.5 units, respectively. The medium was continu-
ously aerated (4 L min�1). Velocity of medium laminar flow was
0.0037 m s�1 in order to simulate natural slow flow of the surface
water. In the OCPM, we observed process of biofilm maturation on
form growing on the polyurethane arm or caught in the node of
sponge.
2.1. Bacterial culture

Consortia of nitrifying bacteria were used. Bacteria were iso-
lated from activated sludge from water treatment plant Klimzo-
wiec, Katowice, Silesia (Woznica et al., 2006). Consortia of
nitrifying bacteria had grown in 2 L laboratory scale reactor as a
fed-batch culture in Braun Melsulgen Biostat in 1.5 L mineral liquid
medium (MacDonald and Spokes, 1980). Reactor was aerated con-
tinuously 2 L min�1, and the oxygen concentration was about
5 mg L�1, pH was 7.5, and temperature was 20 �C. Biological filter
in the ABTOW was fed on the modified liquid medium (g L�1):
(NH4)2SO4 0.5, KH2PO4 0.2, CaCl2 0.016, MgSO4�7H2O 0.04, NaHCO3

0.12.
2.2. Bacteria immobilization in the calcium alginate

Nitrifying bacteria were harvested by centrifugation (9000 rpm,
50 min) of 0.5 L of the bacterial culture. The pellet was mixed with
100 mL of 2% sodium alginate for bacteria dispersion. The suspen-
sion was instilled into the 4% solution of CaCl2 (4 �C). In this way,
bacteria were trapped in the calcium alginate spheres (±3 mm
diameter). Material was stored in 4 �C, and the nitrification activity
was maintained for at least 14 d.
Fig. 1. (a) Scheme of ABTOW bioreactor. The main components, described with thin
arrows, as following: a – nutrient and mixing chamber, b – peristaltic pump, c –
oxygen electrode, d – foam reactor, e – air pump, f – transducer, g – data
registrating computer, h – recirculation loop. Direction of the flow (air and water) is
marked with thick arrows, (b) Verhulst model: A(t) – changes in bioreactor activity,
A0ðtÞ – rate of bioreactor activity changes, A00ðtÞ – acceleration of bioreactor activity
changes section (1) is the exponential stage increasing an activity, section (2) is the
linear stage, section (3) is the logarithmic stage. X-ray tomography image of 28 d
biofilm. (c) Red box shown in the region of probe collection.
2.3. AOB and NOB nitrification kinetics

Consortia of nitrifying bacteria immobilized in the calcium algi-
nate were used for the determination of standard Michaelis-Men-
ten kinetic parameters of nitrification (Nakhla et al., 2006). Oxygen
consumption by bacteria was used as an estimator of the nitrifica-
tion rate. The consumption was measured in 100 mL closed cham-
ber on the magnetic stirrer and the oxygen electrode dipped in
medium with immobilized biomass. Rate of nitrification was de-
fined as first derivative (taken at 0) of a square function of time,
describing the magnitude of oxygen consumption. On the basis
of those data, half-saturation constants Km(AOB), Km(NOB) and nitrifi-
cation rates VAOB, VNOB were determined using iteration method
with quasi-Newton algorithm (Statistica 8.0 Statsoft, US).
2.4. Biofilm bioreactor system

Biofilms have grown in the cylindrical-shaped OCPM (length
100 mm, diameter 25 mm) in the 120 mm long polystyrene tube
of 25 mm diameter. Bioreactor was placed in a horizontal position
(Fig. 1a). The constant laminar flow velocity (u) equal to
0.0037 m s�1 (100 mL min�1) was maintained with a laminar
pump. Biofilm activity was monitored using two oxygen sensors
on both ends of the bioreactor (as described later). The system in-



Table 1
Kinetic parameters of AOB and NOB growth for consortia of nitrifying bacteria
immobilized in the calcium alginate, determined using iteration method with quasi-
Newton algorithm (Statistica 8.0 Statsoft, US).

Parameter Symbol Unit AOB NOB

Half-saturation constant Km mM 1.06 0.39
Oxygen uptake rate Vmax lmol min�1 36 15
Optimum pH – – 7.1–7.8 7.3–8.4
Q10

a Q10
b – 1.58

Optimal temperaturea Topt �C 20–25

a Q10 and optimal process temperature Topt were measured for both stages of
nitrification.

b Q10 were calculated for 10 and 20 �C.

A. Woznica et al. / Chemosphere 78 (2010) 1121–1128 1123
cluded a mixing chamber designed for medium aeration and nutri-
ent addition. The water temperature in the reactor system was
maintained at 22 �C.

2.5. Bacteria immobilization and growth in bioreactor

Bioreactor made by OCPM was used for bacteria immobilization
in the ABTOW. Bacterial (100 mL) culture from fed-batch culture
was centrifuged (RCF 15,000g per 50 min) with Janetzky K24 cen-
trifuge. Harvested biomass was suspended in 100 mL of nutrient
solution. Initial activity of the biomass was determined as the oxy-
gen consumption rate during incubation in the stationary system
and was equal to 1.19 ± 0.01 lmol min�1. The biomass with the
nutrient solution was then pumped through the reactor with the
laminar flow u = 0.0037 m s�1 (100 mL min�1) by 24 h in the close
system. This was followed by pumping of 10 L of aerated water
(4 L air min�1) containing the nutrient ingredients through the sys-
tem for 28 d. During experiment, level of ammonium in the med-
ium was adjusted daily to 7.6 mM.

2.6. Chemical analysis

Nitrate was examined using brucine method (APHA, 1975). The
respective millimolar absorption coefficient (410 nm) was
1.14 cm�1. Nitrite was examined spectrophotometrically with a-
naphthylamine and sulphanilic (APHA, 1995), and the millimolar
absorptive coefficient (520 nm) was 41 cm�1. Ammonium was
examined using Nessler method (APHA, 1975), and the millimolar
absorptive coefficient (410 nm) was 0.81 cm�1. All measurements
were taken using Helions e spectrophotometer (Thermo Scientific,
US).

2.7. Ion chromatography analysis

For nitrite, nitrate and phosphate anions speciation in the med-
ium, IC 761 Compact equipped with column METROSEP A SUPP
56.1006.520 (dimension 4.0 mm � 150 mm) and conductivity
detector was used. Carbonate buffer (1.0 mM NaHCO3 and
3.2 mM Na2CO3) was used as an eluent with flow rate
0.7 mL min�1, the column temperature was 20 �C, the pressure
7.7 MPa and the injection volume 20 mL.

2.8. X-ray computed tomography

Control OCPM and OCPM with biofilm were embedded in the
plastic tube and were examined using X-ray tomograph (Bright
Speed S BS01, GE medical system). The machine was equipped
with 0.625/5.62 head and operated at 80 kV and 9 mA. A total of
89 cross sections through OCPM were computed from the X-ray
data. The control OCPM and OCPM with biofilm were visualized
and particle analyzed using WCIF ImageJ 1.32a.

2.9. Determination of bacteria metabolic activity in bulk

Prior to the experiments, the dependence of the rate of nitrifica-
tion on the concentration of the substrates was measured. Concen-
tration ranges of 0–8 mM of ammonia and 0–30 mM nitrite were
examined (Supplementary material Fig. S1a and b). The nitrifica-
tion velocity followed kinetics Michaelis-Menten kinetic (Table
1). For measuring daily maximum bacterial activity, specific sub-
strates for AOB and NOB 7 mM ammonium or 15 mM nitrite were
selected so that the respective activities were equal to Vmax (Table
1).

The activity (A(t)) was measured as a difference between oxy-
gen concentrations in the inlet and outlet of bioreactor (oxygen
consumption) as a function of time. The oxygen level in the water
was measured with galvanic electrodes Senco CTN-9202 S with
90% response time less than 30 s and accuracy at least 0.1 mg L�1.
The measurements were taken at 10 s intervals using a digital
transducer (Woznica et al., 2006). Averages of 60 measurements
were taken as activity estimators. The reactor was daily washed
by distilled water for 20 min to wash out all nutrients. Electrode
readings in distilled water were the reference points to oxygen
concentration calculation during experiment. To determine daily
activity, AOB and NOB were measured independently using stan-
dard medium with ammonium (AOB) or nitrite (NOB). The medium
was pumped in the open cycle (the effluent medium was removed)
through reactor for 15 min each for the estimation AOB/NOB oxy-
gen consumption.

One might expect (according to the data regarding the AOB
activity, Table 1) that approximately 7.6 lmol of nitrite was pro-
duced during the time corresponding to the complete medium ex-
change in the bioreactor (approximately 30 s). That amount of
substrate corresponded, in turn, to 0.14 lmol of oxygen consump-
tion by NOB (see Table 1), which constituted less than 0.5% of total
oxygen consumption in these conditions (and may be omitted).

It should be noted that the activities negligible (i.e. was within
measurement error) when nitrification substrates (ammonia or ni-
trate) were omitted. Thus, possible presence of other than the nitri-
fying bacteria in the bioreactor did not contribute to the overall
activity in our system.
2.10. Bacteria activity evaluation

The activities of AOB/NOB oxygen consumption (A) were de-
scribed by Verhulst (logistic) model (Fig. 1b and Eqs. (1), (2))

dA
dt
¼ lA 1� A

Am

� �
ð1Þ

where l is the specific rate of activity increase (d�1), Am is the max-
imum activity.

The solution of Eq. (1) is:

AðtÞ ¼ Am

1þ dAe�lt
ð2Þ

dA is the relative activity increase in an arbitrary constant that may
be calculated from [Am � A0]/A0, where: A0 is initial activity at t = 0.

From Eq. (2), characteristic points were calculated: Tex is final
time of the exponential activity increasing, T1/2 is time at which
the activity is increasing at the fastest rate (when A(t) is equal to
one half Am), Tln is initial time of the logarithmic activity increasing
(Fig. 1b). The parameters Am, dA, l in the function A(t) estimated
numerically by fitting Eq. (2) to the empirical data with Leven-
berg–Marquardt algorithm implemented in Statistica 8.0 (Statsoft,
US).



1124 A. Woznica et al. / Chemosphere 78 (2010) 1121–1128
2.11. Quantification of AOB and NOB in the biofilm using fluorescence
in situ hybridization (FISH)

Samples of the biofilm (50 lL, weakly attached to the OCPM)
were collected every 2 d with the use of a pipette (end of tips wide
ca 1.5 mm diameter). The biofilm was acquired at 0.5–1.0 cm from
the bottom and 1.0–2.0 cm from the front of the bioreactor. The re-
gion of sampling (shown with red spot1 in the Fig. 1c) was localized
within main body of the biofilm in the bioreactor, as verified using
X-ray computed tomography. Samples of biofilm were transferred
to a microscopic slide, and fluorescent labelling of the nitrifying bac-
teria was performed. The AOB and the NOB were detected in the bio-
film by fluorescence in situ hybridization using commercially
available Nitri-VIT kits (vermicon AG, Germany). Nitri-VIT� contains
a mixture of oligonucleotide DNA probes complementary to specific
16S rRNA regions of described AOB from environmental fresh water
samples (detected genera: Nitrosomonas, Nitrosococcus, Nitrosospira)
and NOB (detected genera: Nitrobacter, Nitrospira). The probe se-
quence specificities were validated in silico using the function
‘‘probe match” of the software package arb (Ludwig et al., 2004)
and the latest arb SILVA database for rRNA sequences version 96, re-
leased 2008 (Pruesse et al., 2007). Moreover, hybridization efficien-
cies were validated in situ on a panel of AOB and NOB pure
cultures (Supplementary material Tables S1 and S2).

These data indicate that the hybridization efficiencies of the
used probes for nitrifying bacteria were close to 100%, whereas
non-specific hybridization signals were not detectable with other
bacteria. The labelling was executed according to manufacturer’s
instructions. The eubacterial (EUB) oligonucleotide probe mixture
(Daims et al., 1999) complementary to a region of 16S rRNA com-
mon for all bacteria was applied as a positive control, whereas no
probe was added in the negative control of the Nitri-VIT� kit. The
AOB fluorescence (excitation 475–500 nm, emission 510–560 nm)
and NOB fluorescence (excitation 530–550 nm, emission 570–
610 nm) were registered using a SCAN^R imaging cytometer
(Olympus, Poland). Distinct populations of AOB and NOB were
counted after hybridization. The cytometer (build on Olympus IX
inverted microscope) was equipped with stabilized 100 W Xenon
burner (Olympus MT 20 illuminator), 60� PlanApo oil immersion
(NA = 1.4) objective (total optical magnification of the system
was equal to that of the objective), a Hamamatsu Orca AG cooled
(to �30 �C) monochrome charge-coupled device camera (pixel size
6.45 lm) and a motorized stage (Marhauser, Germany). Series of
15 images corresponding to each of the two fluorescence bands
were collected at different depths (�14 to 14 lm from the refer-
ence plane, 2 lm step) from each region (from 100 to 150) in a
specimen (sample, positive and negative control corresponding to
a given biofilm growth time). The regions (fields of view) were
changed in automatic fashion using motorized stage, and the refer-
ence plane was determined using software autofocus (maximum
average gradient, AOB fluorescence band). No image was registered
if a field of view contained no biofilm. Fluorescence images
(1364 � 1024 pixels, no binning) were collected with 200 ms
(AOB) or 500 ms (NOB) acquisition time and digitized with 12 bit
precision (4096 intensity levels). The image acquisition was con-
trolled using SCAN^R acquisition software.
2.12. Image processing and analysis

Maximum depth (z) projections of the image series were gener-
ated in order to obtain sharp image of bacteria clusters positioned
at different depths in biofilm. The areas occupied by biofilm (com-
1 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
prising bacteria and extracellular matrix, EPS) were isolated using
global thresholding of images corresponding to AOB fluorescence.
The threshold value was chosen to be higher than 99th percentile
of fluorescence intensity in corresponding band of negative control
and verified using positive control. Therefore, the isolated areas
corresponded to the bacteria (stained specifically by FISH) and
the EPS (exhibiting non-specific staining) but did not include re-
gions where only instrumental background signal was present. It
should be noted that the fluorescence of EPS was uniform and low-
er that that of the bacteria. Thus, the bacteria corresponded to
bright, textured regions detectable against the dimmer EPS back-
ground. The images corresponding to AOB and NOB were subjected
to rank (minimum) levelling to eliminate the EPS signal. The mask
size (75 pixels) was chosen so as to preserve the signal correspond-
ing to the largest clusters of the respective kinds of bacteria. The
clusters were then segmented using global thresholding (the
threshold value calculated with Otsu algorithm using all images
corresponding to a specimen). The clusters were then assigned to
areas occupied by the biofilm (isolated in the first step). The rela-
tive participation of the AOB and the NOB in the biofilm (area frac-
tion) was calculated as the ratio of the areas occupied by the
bacteria aggregates (estimated in the second step) to the total area
of the biofilm (estimated in the first step).
3. Results

3.1. Determination of parameters of nitrification kinetics

To optimize the conditions of AOB and NOB cultures, the
dynamics of oxygen consumption in the initial inoculum was
determined. Kinetic data (Km and Vmax and optimal pH) shown in
Table 1 indicated that activity of AOB in the inoculums was higher
than that of NOB. Moreover, the values of maximal rates (Vmax)
indicated that in the balanced bioreactor containing both groups
(AOB and NOB) of nitrifying bacteria, the AOB oxygen uptake
would dominate being two times higher than that of NOB. This no-
tion was compatible with the complete ammonium oxidation pro-
cess stoichiometry.

Both groups of bacteria (AOB and NOB) preferred alkaline con-
ditions, when pH was higher than 7.1 or 7.3, respectively. However,
ammonium metabolism caused acidification of medium and sub-
sequent decrease of the activity. When pH was 6, activity of both
groups of bacteria decreased to about 15% of maximum. Increase
in the optimum temperature during the ammonium nitrification
indicated mesophilic character of this process (Table 1).

Changes in medium composition during the biofilm develop-
ment are shown in Fig. 2. Concentrations of ammonium, nitrite
and nitrate and pH of medium in bioreactor were monitored daily
(Fig. 2a and c). The pH was daily corrected (as described in Section
2.). The pH was correlated with nitrification activity (the Pearson’s
correlation coefficient – PCC – was 0.75) and oxygen consumption
(PCC was 0.94) (Fig. 2d). Changes in concentration of nitrite and ni-
trate in the medium indicate that both AOB and NOB were present
in the biofilm (Fig. 2a). Nitrite that appeared in the medium was
absorbed by NOB and oxidized to nitrate. Therefore, real produc-
tion of this intermediate of nitrification process was a product of
its synthesis and consumption. One may note that only low level
of nitrite was observed in the medium. NOB activity in the period
between 1 and 17 d of experiment was slower than nitrite produc-
tion. After 17 d, steady state was reached, and all nitrite was
metabolized in real time.

During experiment, decrease in phosphate concentration in the
medium was observed. It correlated with nitrate production in neg-
ative manner (PCC was�0.89). Therefore, in that kind of system, one
may use phosphate as the indicator of bacterial growth (Fig. 2b).



Fig. 2. Ions speciation in the medium flowing through the bioreactor a and b,
oxygen uptake and daily pH decrease c, correlation between pH decrease and
oxygen uptake d.

Fig. 3. Change of AOB and NOB activity measured as a rate of oxygen uptake in the
bioreactor ABTOW during bacteria growth (a), calculated doubling activity time
(DT) of biofilm activity for AOB and NOB in the bioreactor (b).

Table 2
Parameter of Verhulst function. The parameters Am, dA, l were estimated numerically
by fitting Eq. (2) to the empirical data with Levenberg–Marquardt algorithm
implemented in Statistica 8.0 (Statsoft, US).
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3.2. Monitoring AOB and NOB activity changes during sponge
colonization

The total activity of AOB and NOB (estimated with oxygen con-
sumption) was measured in the periodic reactor. After immobiliza-
tion on the OCPM, the bacteria activity of AOB and NOB decreased
(Fig. 3a). From 7th d on, an increase in the activity was observed to
reach plateau on the 25 d. This process was modelled using logistic
(Verhulst) equation (Fig. 3a, top), as described in Section 2.
Parameter Unit AOB NOB

Amax (from fitting) lmol min�1 12.3 6.2
A0 (from measurements) lmol min�1 1.30 1.57
l (from fitting) d�1 0.41 0.43
dA (from fitting) - 19.4 25.1
T1/2 (from calculations) d 7.3 7.4
Tex (from calculations) d 4.0 4.4
Tln (from calculations) d 10.5 10.5
3.3. Ammonium oxidizing evaluation

The AOB activity was measured using ammonium as electron
donor. It should be noted that nitrite concentration in the medium
during the measurement was very low and therefore possible NOB
activity did not contribute to the oxygen consumption in these
conditions. Changes in the AOB activity during biofilm develop-
ment were modelled using logistic function (see Section 2). The
relevant parameters are shown in Table 2. Three critical points
were observed in the growth of AOB activity. The first was in the
11th d of experiment (maximum of second derivative function)
when activity started to increase rapidly (Fig. 3a). The second
was in the 15th d of experiment – when growth rate started to de-
crease (maximum point of first derivative function) – and the third
was in the 21st d of experiment when the activity began to stabi-
lize (minimum of second derivative function). During first 9 d,
average doubling time of bacterial activity (DT) was about
4.3 ± 0.02 d. In the 10th d of experiment, DT started to increase
and in the 15th d reached 13 d (see Fig. 3b).

3.4. Nitrite oxidizing evaluation

The NOB activity (with nitrite as electron donor) was measured
in a similar fashion to the AOB activity. We observed increase in
the NOB activity during biofilm development, but its maximum
(6.84 lmol min�1) was lower than the corresponding value for
AOB. However, similar to AOB, the increase could be modelled
using logistic function (Table 2 and Fig. 3a). One may note that
the DT (in the first 9 d of experiment) of NOB (DTNOB) was similar
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to the respective value for AOB (DTAOB) and corresponded, on aver-
age, to 3.9 ± 0.1 d. Similarly, DTNOB increased from 10 d reaching
9.2 d in the 15 d of the experiment (Fig. 3b).
3.5. Participation of AOB and NOB in the biofilm

The relative participation of the two groups of nitrifying bacte-
ria in the biofilm was estimated using FISH and image cytometry
(see Section 2). Change in AOB area fraction was correlated with
NOB area fraction (correlation quotient 0.99, Figs. 4a–c and 5).
However, AOB dominated in the biofilm during the experiment.
With the exception of the first part of experiment (when total
activity was low), the ratio of the values of AOB/NOB area fractions
was approximately 1.85 ± 0.2 (Fig. 4b and e). One should note that
similarly high correlation was observed between activities of AOB
and NOB (Fig. 4f). Likewise, the ratio of activities of AOB and NOB
was 2.1 ± 0.38.

During 28 d of experiment, we observed changes in the biofilm
structure. Our data showed that biofilm during this time was
reconstructed. In the initial phase when mature flocks from fed-
batch culture were immobilized in ABTOW small size (5 lm),
AOB and NOB colonies appeared together (Fig. 5a and b) in a tightly
packed biofilm structure. In the 7th d, the biofilm was sparsely
populated with colonies of intermediate size (8 lm) scattered in
the EPS (visible as diffuse fluorescent background, Fig. 5c and d).
Fig. 4. Bioreactor activity and AOB & NOB pixel participation in the OCPM during biofi
proportion between AOB/NOB pixel participation and AOB/NOB activity in the time; c –
activity and AOB pixel participation; e - correlation between NOB activity and NOB pixe
One should note that AOB predominated whereas NOB were scarce
at this stage. In the 11th d of experiment, biofilm started to mature.
The diameter of colonies increased; in the 14th d of experiment the
average was 25 lm (Fig. 5e–h). Moreover, on the surface of AOB
colonies, groups of NOB cells appeared (Fig. 5i and j).

One should note that mature biofilm (28th d of experiment)
that occupied approximately 40% of total OCPM volume (Fig. 2c)
was estimated using X-ray tomography. Hence, the total biofilm
volume in the bioreactor was approximately 22.7 cm3. Taking into
account proportion of biofilm volume occupied by the bacteria
(determined with image cytometry), one may estimate that this
volume corresponded to approximately 1.6 � 1013 AOB cells and
1.2 � 1013 NOB cells, respectively. This estimation was carried
out under assumption that all the nitrifying bacteria were de-
tected. Hence, it corresponds to the lower limit of the numbers
of the AOB and NOB in the bioreactor.
4. Discussion

Application of the biofilter (bacterial biofilm immobilized on
the OCPM) for biosensing requires that stability of the biofilm
structure and its biocatalytic activity (maintained by homeostasis)
are ascertained. Using imaging techniques combined with bulk
activity measurements, one may conclude that in the presented
ABTOW such stability is reached 21 d after inoculation. This point
lm maturation. a – AOB and NOB pixel participation on the analyzed surface; b –
correlation between AOB and NOB pixel participation; d – correlation between AOB
l participation; f – correlation between AOB and NOB activity.



Fig. 5. Microscope image of FISH labelling nitrifying bacteria biofilm: AOB (red) and NOB (green) in the OCPM in the 1 (a), 4 (b), 7 (c), 9 (d), 11 (e), 14 (f), 16 (g), 18 (h), 22 (i),
25 (j) day of experiment.
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corresponds to biofilm containing large microbial flocks containing
both AOB and NOB colonies. Interestingly, no nitrite in the medium
was observed at this stage. One may hypothesize that in matured
floccules the nitrite produced by confluent AOB was cumulated
in the flocks. Increase in the nitrite level stimulated the activity
of NOB (localized on the external surface of AOB microcolonies)
that consumed this compound in full. Therefore, nitrite appeared
in the medium only when AOB/NOB proportion was not balanced
(i.e. in immature biofilm).

One might imagine that the procedure of estimation of average
density of packing of bacteria within the biofilm with an imaging
technique could be affected by the penetration of the FISH probes
into the biofilm and possible low affinity of the probe to the bacte-
rial rRNA. We did not detect any non-uniformity of the non-specific
matrix staining with the depth in the biofilm (the samples were at
most 20 lm thick in our system). Moreover, we were able to detect
FISH signals from 75 lm depth into the biofilm with confocal
microscopy. Therefore, the first problem is unlikely to affect the re-
sults in our system. Nonetheless, some bacteria might escape detec-
tion if their specific fluorescence (following FISH) was too weak. It
should be noted, however, that our system was sensitive enough
to detect bacterial autofluorescence. Moreover, according to the
manufacturer, significantly higher FISH signals were detectable in
all tested target species of nitrifying bacteria. However, it seems un-
likely that a putative species (characterized by low efficiency of
FISH reaction) constituted a significant part of nitrification popula-
tion in our system and markedly affected the presented results ow-
ing to the in silico and in situ tested specificity of probes.

The stabilization of biofilm structure and activity implies the
existence of a limiting factor of bacterial growth. It may be postu-
lated that oxygen played that role. The oxygen concentration in the
water flowing through the bioreactor decreased owing to bacterial
activity. The decrease corresponded to 5% of oxygen content (in
equilibrium with atmospheric air) at the onset of incubation and
50% in the 20 d of the experiment, respectively. This notion is in
agreement with the fact that the volume of sponge occupied by
biofilm decreases with the distance from bioreactor inlet, as estab-
lished using X-ray tomography. One should note that availability of
oxygen in the interiors of large flocks (Fig. 5h–j) could be decreased
(owing to limited its diffusion) thereby constituting constraint of
bacterial growth.

The biofilm growth and stabilization of its activity were mod-
elled using Verhulst (logistic) equation. This model was chosen be-
cause it provided a good fit to the experimental data while
maintaining low numerical complexity. The three parameters of
the model – Amax, l and T1/2 – could be easily interpreted biologi-
cally. Moreover, bacterial growth rate could be estimated with DT
calculation. The Verhulst model also permitted analytical calcula-
tion of the first and the second derivatives that offered additional
insight into the biofilm growth (Table 2).

The biofilm activity was monitored using ammonia or nitrite
concentrations that corresponded to maximum rate of the nitrifi-
cation (see Section 2). The results presented in (Anthonisen et al.,
1976) indicate that (in the continuous flow conditions) the concen-
tration of free ammonia corresponding to our experimental condi-
tions (0.748 mg L�1 FA) was sufficient to cause some inhibition of
nitrification (in majority of experiments). One may note that the
respective half-saturation constants Km (Table 1) were significantly
smaller than inhibition thresholds reported by (Anthonisen et al.,
1976). Furthermore, no changes in activity were observed when
Vmax (and potential inhibition threshold) was reached. Thus, one
may postulate that the change of nitrification rate with substrate
concentration reflected saturation of respective enzymes and not
their inhibition by free ammonia or free nitrous acid.

It may be noted that the kinetic parameters (Table 1) corre-
spond to the total volume of the biofilm in the proposed ABTOW.
Direct estimation of the biomass of a delicate biofilm in 3D system
is difficult owing to possible losses in extraction of the biomaterial,
irregular distribution of biofilm in the OCPM and the presence of
several different forms of immobilization. Therefore, the total vol-
ume of the biofilm could be determined only indirectly using X-ray
tomography.

One should note that such system used as a biodetector high
sensitivity of toxin detection in water environment. For example,
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the lowest observed effect levels were 10 lM for phenol and
0.1 lM for cyanide (in water) when the ABTOW described in this
work was used (data not shown). This high sensitivity is stably
maintained during 4–6 weeks of operation of the ABTOW. More-
over, this biodetector exhibits short response lag (approximately
1.5 min) while measurements may be taken in real time and on
continuous basis. Up to 100 mL min�1 of water sample may be
measured in this manner in situ owing to the fact that OCPM pro-
vided low resistance to flowing water. Therefore, it may be con-
cluded that OCPM provided good basis for immobilization of
nitrifying bacteria as biosensing element.

Nonetheless, long generation time (due to slow growth rates of
nitrifying bacteria in this system) may be regarded as disadvantage
to industrial-scale production of such sensors. On the other hand,
slow change of the number of bacteria in the biofilm and conse-
quently its biological activity provide good stability of the biode-
tector. Moreover, once biofilm is matured, these characteristics
will prevent overgrowing of the biofilters, thereby extending life
span of such biosensor.
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