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Estimation of a biofilm-specific reaction rate: kinetics
of bacterial urea hydrolysis in a biofilm

James M Connolly’?, Benjamin Jackson'?, Adam P Rothman'?, Isaac Klapper* and Robin Gerlach'?

BACKGROUND/OBJECTIVES: Biofilms and specifically urea-hydrolysing biofilms are of interest to the medical community

(for example, urinary tract infections), scientists and engineers (for example, microbially induced carbonate precipitation).

To appropriately model these systems, biofilm-specific reaction rates are required. A simple method for determining biofilm-specific
reaction rates is described and applied to a urea-hydrolysing biofilm.

METHODS: Biofilms were grown in small silicon tubes and influent and effluent urea concentrations were determined. Immediately
after sampling, the tubes were thin sectioned to estimate the biofilm thickness profile along the length of the tube. Urea
concentration and biofilm thickness data were used to construct an inverse model for the estimation of the urea hydrolysis rate.
RESULTS/CONCLUSIONS: It was found that urea hydrolysis in Escherichia coli MJK2 biofilms is well approximated by first-order
kinetics between urea concentrations of 0.003 and 0.221 mol/I (0.186 and 13.3 g/I). The first-order rate coefficient (k;) was estimated
to be 23.2+6.2 h™ . It was also determined that advection dominated the experimental system rather than diffusion, and that urea
hydrolysis within the biofilms was not limited by diffusive transport. Beyond the specific urea-hydrolysing biofilm discussed in this
work, the method has the potential for wide application in cases where biofilm-specific rates must be determined.
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INTRODUCTION

The hydrolysis of urea by microorganisms has been widely shown
as an effective method for the in situ production of alkalinity and
the subsequent precipitation of carbonate minerals. At circum-
neutral pH, urea (CO(NH,),) hydrolysis can be written as

CO(NH,), + 2H,0 + H* - 2NH; + HCO; , (1)

where two ammonium ions and one bicarbonate ion are formed
for each urea molecule that is hydrolysed. In addition, one proton
is consumed which raises the pH. When calcium or other divalent
cations are present carbonate mineral precipitation can be
possible due to an increase in carbonate (CO3~) concentration.

Carbonate mineral formation through microbial ureolysis is
significant in medicine because of the role that ureolytic
microorganisms can have in the formation of kidney and urinary
tract stones as well as catheter encrustations."> Mineral formation
through ureolysis has also been studied extensively for
engineered applications in building materials®> and in the sub-
surface for permeability reduction, soil stabilisation and
contaminant remediation.* Microbial urea hydrolysis is also of
interest in industrial and agricultural wastewater treatment
settings where a significant portion of the total nitrogen is
attributed to urea’ In all the systems mentioned above,
particularly where the surface area to volume ratio is high, a
significant portion of the ureolytic activity is likely to be attributed
to biofilms.

A significant obstacle in predicting system behaviour in biofilm-
containing systems is the lack of quantitative, system-specific
reactive transport characterisation. This study looks specifically at
ureolysis in a model biofilm system to shed light on the reactive
transport environment that is likely to be present in systems that

have, or have been stimulated to have, ureolytic activity. Ureolysis
in planktonic cultures has been investigated thoroughly and there
have been a number of studies to quantify volume-averaged
ureolysis rates in porous media containing microorganisms®™ and
immobilised enzyme.'®'" The most applicable studies concentrate
on the rate of precipitation in these systems leaving the micro-
scale reactive transport characteristics of ureolysis in biofilms
largely undiscussed.

Rather than taking a volume-averaged approach, ureolytic
biofilms were grown in silicon tubes that mimic the laminar flow
environment that would be encountered in a soil pore or urinary
tract. No calcium or other cations that would cause mineral
precipitation were supplied to the system so that urea hydrolysis
could be studied in detail without the complications introduced
when precipitation takes place. Precipitation has the potential to
impact urea hydrolysis kinetics but was not investigated in this
study. The silicon tubes were destructively sampled and thin
sectioned to obtain an accurate biofilm thickness profile over the
length of the tube. Biofilm thickness profiles were combined with
influent and effluent urea measurements to obtain a ureolysis rate
per biofilm volume (here referred to as a biofilm-specific rate).
This paper provides a method for the measurement of effective
reaction rates in biofilms and greater insight into the reactive
transport environment of biofilm-catalysed urea hydrolysis
through the application of nondimensionalisation techniques.

MATERIALS AND METHODS

Biofilm growth

Escherichia coli MJK2 (ref. 12) biofilms were grown in 10 cm long, size 14
silicon tubes (Masterflex, Cole-Parmer, IL, USA) with influent urea
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Figure 1.

(Tube disconnected to sample)

A schematic for the tube reactor assembly. Sterile LB medium is pumped through a 10 cm long, 1.6 mm inside-diameter (ID) silicon

tube with biofilm growing on the walls. Small ID influent tubing was used to connect the syringe to the tube reactor. A three-way valve was
used to take influent samples and the downstream end of the tube reactor was disconnected to take effluent samples.
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Figure 2.

A representative example of a thin section image. (a) A transmitted light image shows a qualitative representation of the biofilm.

(b) The fluorescence image, showing the green fluorescent protein (GFP) signal, is used for quantification. (c) The GFP fluorescence image is
thresholded to differentiate between biofilm (white) and background (black), forming a binary image. The area of the biofilm signal is
quantified and divided by the calculated visible arc length (0.923 mm) to calculate a representative average biofilm thickness.

concentrations ranging from 0.011 to 0.221 mol/I (0.63 to 13.3 g/I) at room
temperature (approximately 20°C). E. coli MJK2 possesses a pJN105
plasmid that has been modified to contain the urease operon from E. coli
DH5a(pURE14.8) and also carries a mutant chromosomal gfp (green
fluorescent protein gene).'*'* Experiments were initiated by the injection
of inoculum into an autoclaved reactor assembly and allowing cells to
attach for 1 h. See the Supplementary Online Material for strain details and
preparation of the inoculum. Flow was then started at 1.0 ml/h (Reynolds
number (Re) of 0.1 in a clean tube) and maintained at 1.0 ml/min for
10 days with a KDS220 multichannel syringe pump (KD Scientific, Holliston,
MA, USA). Flow was only stopped for short periods to exchange sterile
60 ml plastic syringes filled with sterile medium. The silicon tube was
connected to the syringe via small-inside-diameter (0.127 mm) PEEK
tubing (see Figure 1). The small-inside-diameter tubing is intended to
minimise residence time and cause a high shear environment that is not
conducive to biofilm growth in the influent tubing. Without biofilm
growth, the average hydraulic residence time is 4.5 s in the influent tubing
and 12.1 min in the silicon tube reactor.

After 10 days of biofilm growth, three consecutive effluent samples and
one influent sample were taken. The three consecutive effluent samples
were taken to demonstrate steady-state behaviour. Tubes that had at least
one consecutive effluent urea concentration deviating from the mean of
the three samples by 25% were not used in further analysis. High variation
between serial replicates indicates transient behaviour such as biofilm
detachment events during sampling making the data set unsuitable for
modelling. The last effluent sample taken from each tube was taken to be
representative and used in all subsequent models because it was taken
closest to the end of the experiment when thin section samples were
prepared.

Effluent samples were taken by disconnecting the downstream end of
the tube and letting media flow into a 1.5 ml microcentrifuge tube at the
experimental flow rate for 1h. The influent sample was taken last by
directing flow to the sample tube by the three-way valve as shown in
Figure 1. The empty microcentrifuge tubes were weighed, 100 pl of 3.8%
HCl was added, weighed, sample added and weighed again. The final
sample pH of approximately 1.5 is effective at stopping ureolysis because
the urease enzyme has been shown to lose activity at low pH.'> Finally,
samples were filtered (to remove cells) through a 0.2 um pore size cellulose
acetate syringe filter (VWR, Randor, PA, USA) and refrigerated for later
measurement of urea concentrations via HPLC. Immediately after the liquid

npj Biofilms and Microbiomes (2015) 15014

sample was taken, the silicon tubes were destructively sampled for the
determination of biofilm thickness profiles by thin sectioning as described
in section ‘Biofilm thickness measurements’.

Biofilm thickness measurements

Immediately following the liquid sampling, the tubes were dissected to
determine a biofilm thickness profile along the length of each tube. Each
10 cm tube was cut into five 2 cm-long sections. The centre 1 cm of each
section was cut out and cut in half lengthwise with a surgical scalpel. The
remaining liquid was carefully wicked away with tissue paper before
Tissue-Tek O.C.T. Compound (Sakura Finetek Inc., Torrance, CA, USA) was
dispensed onto the cross-section of each tube and placed on dry ice to
freeze. Once the O.CT. was fully frozen, the cross-section of tube was
peeled away leaving the biofilm embedded in the O.C.T. Microscopic
investigation showed that no significant biofilm was left behind on the
tube. The frozen and embedded biofilm was then completely embedded
in O.CT. in a tissue cryofixation mould. The frozen samples were stored at
—20°C for subsequent thin sectioning.

The frozen biofilm samples were cut into 5 um-thick cross-sections and
mounted in a Leica CM1850 cryostat. Sections were mounted onto charged
microscopy slides (Fisherbrand Superfrost Plus Stain, Fisher Scientific,
Hampton, NH, USA) and air-dried. Five sections were taken for each
segment of tube. The green fluorescent protein produced by the bacteria
was imaged via epifluorescence microscopy. Thin sections were imaged on
a Nikon E-800 microscope equipped with a CoolSNAP MYO CCD camera
(Photometrics, Tucson, AZ, USA), PhotoFluor LM-75 light source (89 North
Inc,, Burlington, VT, USA), Nikon Plan Apo 10X/0.45 DIC L c0/0.17 WD 4.0
objective and a FITC filter cube (EX 480/30, DM 505 LP, EM 535/40). The raw
16-bit images were 1,940 X 1,460 pixels with a pixel size of 0.4499 um. All the
fluorescence images were obtained with an exposure time of 2s.

Raw images were thresholded in the open source software FIJI'® using
the automatic triangle method."” The triangle method proved to provide
the most representative results over other commonly used methods such
as Otsu (1979). The thresholded images were quantified to determine
average biofilm thicknesses (L¢). This was done by dividing the calculated
arc length of the section of tube shown in the image (0.923 mm, see
Supplementary Table SI) by the area of the biofilm cross-section that was
obtained from the thresholded image.'® Images that contained significant
defects were excluded from the analysis. Defects included dust particles,
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Figure 3. COMSOL model overview with boundary conditions.

bubbles and geometric irregularities that would cause inaccuracy in the
thickness measurements. Average thickness from all usable replicates are
presented (see Supplementary Tables SlII-SX for thickness calculations and
raw data). Images were not taken when samples did not contain any visible
biofilm and the thickness was recorded as zero. Figure 2 shows a typical
thin section and the analysis that was performed on it.

Urea quantification
Urea was analysed using high pressure liquid chromatography (HPLC) with
in-autosampler derivatisation.'*'®

Urea hydrolysis rate determination

Tube reactors were modelled using COMSOL Multiphysics version 4.3a
(COMSOL Inc., Burlington, MA, USA) to fit kinetic parameters to the
measured urea consumption over the length of the tube reactors. The tube
reactors were modelled as a two-dimensional rotated axisymmetric
geometry. Navier-Stokes equations were solved to obtain a flow field
and it was assumed that there is zero fluid flow in the biofilm domain. The
thin section data were used to reconstruct the biofilm profile for each tube
reactor. It was assumed that the biofilm thickness was constant for discrete
values of x (see Figure 3 for model coordinates) and the thickness was
linearly interpolated between measured points. Biofilm thickness could not
be measured immediately at the influent or effluent of the reactors (x=0
and 10cm) because of potential artifacts owing to the removal of the
silicon tubes from the experimental system, so it was assumed that L¢ at
x=0cm equaled L¢ at x=1cm and L; at x=10cm equaled L at x=9cm.
Urea transport was calculated with advection by the Navier-Stokes flow
field and Fickian diffusion. No reduction in diffusive transport in the biofilm
domain was considered so diffusion characteristics were assumed to be
constant throughout the simulation. Preliminary analysis showed that
implementing increased mass transport resistance of solutes in the biofilm
as in ref. 20 affected the rate fitting minimally (< 1% difference in the
thickest biofilms, data not shown). Boundary conditions and modelling
assumptions are indicated in Figure 3.

The urea hydrolysis reaction rate, R, was assumed to be constant within
the entire biofilm in each tube (independent of concentration) and
constrained to the biofilm domain (no reaction in the liquid phase).
Justification for the constant reaction rate assumption follows in section
‘Reactive transport characterisation’. The influent and effluent urea
concentrations are known so the urea hydrolysis rate was fitted such that
the experimentally determined concentrations fit the model. The urea
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concentration at the outlet boundary is non-constant in space (that is,
across the cross-section of the outlet); thus, rather than minimising the
difference between modelled and experimental concentrations directly,
the difference between the modelled and experimental flux of urea
averaged across the tube cross-section was minimised. The last of the
three effluent urea concentrations was taken to be the representative
average concentration across the cross-section of the tube because it was
taken closest to the time of destructive sampling. The known effluent urea
flux, Jer, can be calculated by multiplying the effluent concentration, Cgr,
by the volumetric flow rate, Q such that

Jer = CerQ. (2)

Cgr is an average and well-mixed value. The modelled total effluent urea
flux, J'gr, was calculated by integrating over the area of the liquid phase at
the effluent such that

ID/2-L¢
Jeg =2m /o Curdr, (3)

where u is the x component of the fluid velocity, C is the local urea
concentration and ID is the tube inside diameter (1.6 mm). The model was
run iteratively where the biofilm ureolysis rate was varied such that the
sum of the squared error between Jgr and J'gr is minimised. The COMSOL
optimisation module was used to find a urea hydrolysis rate, R, that
minimises the squared error, Uer = )2 using the Nelder-Mead
method®'*? with a nondimensional fitting tolerance of 10~°.

Fitted rate values for each tube were compiled into a data set that
represents reaction rates at a range of urea concentrations. An average
urea concentration within the biofilm volume, Cyeagr, Was calculated for
each tube and was taken to be the representative urea concentration
corresponding to the rate that was fitted. A Michaelis-Menten (M-M) rate,
Rm-m, relationship was fitted to the compiled data using the least squares
curve fitting tool (cftool) in MATLAB R2012a (The MathWorks, Inc., Natick,
MA, USA):

_Cc
km + C

Rmax is the maximum ureolysis rate and ki, is a half saturation coefficient. It
was theorised that the M-M relationship would fit the data best but other
rate relationships were fit for comparison. For a reaction of order, n, with
respect to urea concentration a generalised rate law can be written as

Ry = knC". 5)

(4)

Rm-m = Rmax
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First-order (n=1, linear) and zero-order (n=0, constant rate) relationships
have been used previously to describe microbial ureolysis’'%?*?* so they
were also included in the regression analysis.

RESULTS AND DISCUSSION
Analytical results

Urea measurement. Measureable urea hydrolysis was observed in
all tube reactors after 10 days of operation. Influent urea
concentrations varied between 0.011 and 0.221 mol/Il. Effluent
concentrations varied between 0.003 and 0.208 mol/l including all
serial replicates. Tubes 5, 10 and 11 were eliminated from the
analysis because the steady-state condition was not met (>25%
deviation from the mean). The reader is referred to the
Supplementary Table SlI for all urea measurements.

Biofilm thickness profiles. Biofilm profiles were successfully
obtained from 11 tube reactor runs. Biofilm thicknesses ranged
from 0.6 to 222.0 um with an average across all observations of
18.7 um. Assuming zero flow through the biofilm, laminar flow is
expected in all tube reactors (a maximum Re =0.18 was calculated
for the reactor with the thickest biofilm observed).

Five replicate biofilm thickness measurements were collected
for each profile point. 5.5% of the measurements were eliminated
from the analysis due to apparent irregularities such as bubbles in
the cutting medium, dust particles and deformed sections.
Al biofilm thickness measurements presented were at least
measured in duplicate with an average of 4.7 measurements per
thickness value. Raw biofilm measurements can be found in the
Supplementary Online Material and the average profiles used in
the model can be found in Figure 4.

Sources of error. There are some distinct sources of error
associated with the tube reactor experiment that must be
addressed. The most significant source of error is expected to
be in defining the biofilm thickness profile. If the biofilm thickness
throughout the tube is not well characterised, the calculated rates
are not accurate because the rate fitting implicitly depends on the
amount of biofilm present. There are five potential sources of error
for the estimation of the biofilm thickness profile: (i) biofilm at the
influent and effluent of the tubes cannot be accurately quantified,
(i) biofilm thickness between measurement points may not be
well approximated by linear interpolation, (i) biofilm thickness
may not be constant around the entire cross-section of the tube
and (iv) significant detachment events have the potential to occur
during sampling for aqueous analysis.

In the first three potential sources of error, the problem is that
the entire tube, and biofilm within that tube, cannot reasonably
be imaged in three dimensions. These errors are directly related to
the lack of the ability to sample at a high spatial resolution and
can be considered random errors. Random errors in this system
can be expected to have the same likelihood for overestimation as
for underestimation. In other words, the sampling regime is just as
likely to miss a thick area of biofilm as a thin area. Although
more advanced techniques would be required, the low spatial
resolution problem can be resolved. Three-dimensional imaging
techniques such as X-ray microtomography®2’ and nuclear
magnetic resonance imaging®®*® have the potential to image
simple biofilm systems and better link biofilm geometry to
effective reaction rate estimations.

Error associated with detachment events during the sampling
process cannot be quantified here but the sign of the error and its
effects is known. If a large detachment event were to happen
during aqueous sampling or between sampling and thin
sectioning, the biofilm profile during aqueous sampling would
be unknown but it had to be thicker than would be shown in the
thin sections. This would always lead to an overestimation of
the effective reaction rate in that particular tube due to the
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underestimation of biofilm volume. Similarly to the other class of
random errors, this problem could be minimised through the use
of more advanced three-dimensional imaging techniques. These
more advanced techniques would still need to be utilised carefully
as to not disturb the biofilm.

There is another potential source of error that is not related to
the estimation of biofilm thickness. This relates to the assumption
that the biofilm is homogeneous. There could be differences in
cell density, enzyme production (urease in this case) or general
metabolic activity that could cause inaccuracies when estimating
rate constants. This possibility was not investigated directly in this
study but its influence cannot be ruled out and should be the
focus of future work. Systems with electron donor or acceptor
limitation would be particularly interesting for such future studies.

Reactive transport characterisation

The Damkohler number (Da) is defined as the time scale of
convective transport divided by the time scale of reaction within a
control volume3® For a first-order reaction, the Damkohler
number can be defined as

Da = k4T, (6)

where 1 is the average fluid retention time. This standard
expression for Da requires modification for a system with rates
defined as occurring only in the biofilm phase. Equation (6)
assumes that reaction is occurring within the entire volume for
which tis calculated (the liquid volume). In this case, the reaction
is not occurring in the liquid volume so the transport rate and
reaction rates must be normalised for the volumes in which
they occur.

Similarly, the Péclet number (Pe) can be defined as the ratio of
the advection rate of a solute to the diffusion rate of the same
solute.®' The Péclet number can be expressed as

vL
Pe=—, 7
€ D’ (7)

where D is the diffusion coefficient, which is 1.38x 10~? m?/s for
urea in pure water at 25 °C (ref. 31), v is an average fluid velocity
and L is a representative length scale. The values of v and L can be
chosen based on what is being characterised in the system. In this
case, both axial and radial behaviour is of interest so two Péclet
numbers are defined. The first, Pe,, characterises axial behaviour
where the velocity is taken to be the average magnitude of the x
component of velocity, v,. The second, Pe,, characterises radial
behaviour where the velocity is taken to be the average
magnitude of the r component of velocity, v,. The length scales
are different for radial and axial behaviour. The tube length, /pe, is
the length scale for axial flow and the tube diameter dype is the
length scale for radial flow such that

Vxltube
Pey = =, 8
e =% (®)
and
v,d
Pe, = 22 DtUbe. 9)

The last dimensionless parameter considered is the Thiele
modulus (¢) which is the ratio of the time scale of reaction to the
time scale of diffusion. The Thiele modulus is simple to calculate
for first-order reactions.®'

i k1_L2

D
The length scale (L) here is a biofilm thickness (L;) because the
Thiele modulus, in this case, is calculated as a metric to quantify
potential diffusion limitation of the biofilms in this system. Biofilm
thickness is not constant in these systems so average high and
low values for each tube are used to bound overall behaviour.

(10)
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Figure 4. Urea concentration as predicted by the reactive transport model for each tube reactor used in the analysis. The concentration map
for all the tubes is plotted using the same colour scale making it evident that each tube had a different but within each tube very narrow urea
concentration range. Biofilm profiles for each tube obtained from microscopy data are shown as white lines in each panel. Note the very slight

concentration gradients radially outward from the centre of the tubes.

Table 1 shows the calculated dimensionless parameters (average,
minimum and maximum) for each tube reactor in the study. The
values used in the calculation of the dimensionless parameters
were taken from the finite element model described in section
‘Kinetic parameter fitting’

In general, the dimensionless parameter analysis shows that
advection dominates the system (rather than diffusive transport
and urea hydrolysis) and that the biofilms are not diffusion limited.
The Damkohler number shows that, for this particular system, the
time scale of advective transport is larger than the time scale of
reaction. Axial Péclet numbers are all much greater than one
(Pe, > 1) indicating that the system is strongly advection
dominated. Only a small fraction of axial urea transport can be
contributed to diffusion. The radial Péclet number indicates
advective and diffusive urea transport are more balanced with
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diffusive and advective transport contributing more equally in the
radial direction.

There are two primary characteristics that control Pe, assuming
a constant diffusion coefficient. First, the bulk flow rate affects Pe,;
a higher overall system flow rate will translate into greater overall
velocities, including radial velocities. Second, the heterogeneity of
the biofilm profile directly affects radial velocities; as the biofilm
profile becomes more constant (that is, the closest to Ls being
equal at all values of x), the average radial velocity will decrease,
thus decreasing Pe,. It can also be expected that flow rate and
biofilm thickness heterogeneity could be linked. Although this
physiological relationship was not studied here it has been
shown that biofilms adapt to their shear and solute transport
environments.>>*3 E. coli biofilms have been shown to adapt their
architecture to specific hydrodynamic and nutrient conditions.

npj Biofilms and Microbiomes (2015) 15014
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Table 1. Average dimensionless parameters for all tube reactors along
with their minima (Min) and maxima (Max)
Da Pe, Pe, (o]
Average 442 1.42x10* 2.31 475%x10°2
Min 3.85 1.34x10* 1.00 1.63%x1073
Max 464 1.64x10* 6.00 3.36x107"

Da and Pe are calculated for each tube and ® is calculated for all L¢
measurements.

Specifically, when nutrients are provided in excess (as is expected
in this study due to high Da and low ¢ values) E. coli biofilms have
been shown to adapt to resist shear stress.3*

The Thiele modulus was the most variable dimensionless
parameter in the system but all values were found to be less
than one indicating that the time scale for diffusion is generally
shorter than the time scale of reaction. This means that urea
hydrolysis within biofilms in this study are not strongly diffusion
limited. In other words, the bulk liquid concentrations are
expected to be approximately equal to the concentrations found
within the biofilm (that is, no steep gradients in urea concentra-
tion). This finding is an important validation for the approach that
was taken in determining kinetic rate constants where the
reaction rate and the corresponding biofilm urea concentration
(Cureapr) in each tube was assumed to be constant. Visual
evidence for small Thiele modulus behaviour can also be found
in Figure 4 where the urea concentration does not appear to
change significantly within the biofilms relative to the bulk fluid.

Kinetic parameter fitting

Tube reactors that met the steady state criteria were modelled
using individual finite element models, and the urea hydrolysis
rate, R, was varied until the differences between the modelled and
experimental urea fluxes were minimised. The representative
concentration corresponding to the calculated reaction rate was
assumed to be the average urea concentration within the biofilm
volume of each tube.

The resulting data from the finite element models allowed for
regression analysis considering Michaelis-Menten (M-M), first-
and zero-order rate models. A plot of urea hydrolysis reaction rate
versus representative concentration along with rate model fits can
be found in Figure 5. M-M and first-order models fit the data best
(root-mean-square error of 1.01 and 0.97 mol/(l h) respectively),
whereas the zero order was a poor fit compared with the others
(root-mean-square error=1.56 mol/(lh)). M-M and first-order
model fits are not statistically different at 95% confidence over
the range of concentrations considered in this study. Rate
constants for the M-M model were estimated to be k,,=0.55
mol/l and ry.=15.9 mol/(lh) and for the first-order model
ky=232+62h"" (+ is the 95% confidence interval).

The demonstration of first-order behaviour is important for
modelling more complex systems and is a significant finding in
this work. Others have used first-order kinetics for ureolysis
systems involving ureolysis-driven mineralisation;”*> however, the
applicability of that model had remained undemonstrated for any
biofilm system until now. For reactions obeying M-M kinetics, as
has been shown for urea hydrolysis,'"'>3* it is typically assumed
that first-order kinetics should only be applied to systems where
the reaction substrate is at low concentration (C < ky,). The results
shown here indicate that published kinetic values from pure
enzyme or planktonic biological experiments may not be
appropriate for use in systems where attached cells and biofilms
are the primary catalyst. Diffusion limitation is routinely cited as
the reason for different kinetic behaviour in biofilms but the
results of this work suggest that kinetic differences can occur even
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the biofilm volume as estimated by the finite element models.
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without evidence for significant diffusional
limitations.

The mass transport limitation of urea was considered in this
analysis independent of other solutes. As an example, oxygen
limitation could also be investigated since biofilms in nature are
often at least partially oxygen-limited. In this study, it is not
expected that oxygen would be limiting due to the high gas
permeability of the silicon tubing used, but in natural systems
oxygen may be depleted which could impact the kinetics of urea
hydrolysis. As a result, mass transport limitations of other solutes
may need to be considered in other systems when applying the
approach outlined in this study.

mass transport

Practical applications

The study presented has direct and indirect applications. The most
direct application of this work is the continuation of laboratory
studies using E. coli MJK2. The biofilm-specific kinetic parameters
obtained in this study can be used in conjunction with tools such
as confocal microscopy, flow cells and finite element modelling in
more complex systems to further investigate local chemical
gradients within ureolytic biofilms. Systems that would be
particularly well suited include ureteral catheters' and urea-
hydrolysis-driven microbial carbonate precipitation.>*

Beyond urea hydrolysis systems specifically, this paper
presents a robust method for the systematic characterisation of
effective reaction rates in biofilms in flow systems. The small scale
of the tube reactor method has advantages over more common
laboratory bench-scale biofilm reactors such as the CDC reactor,®
annular reactors®” or drip-flow reactors.®® The main advantages
relate to the cost and the reduction of waste. The simple tube
reactor requires no specialised equipment other than a syringe
pump or a similar pump that provides a constant and slow flow.
The shear environment can also be easily tailored to the specific
requirements of the study by varying the flow rate or tube size.
The tube reactor method is also well suited for studies where
hazardous materials are used. Studies focusing on quantifying
the degradation of hazardous substances by biofilms may find use
in small tube reactor studies because experiments could be

© 2015 Nanyang Technological University/Macmillan Publishers Limited



designed that produce a minimal amount of hazardous waste (for
example, chlorinated aromatics, hydrocarbons, nitroaromatics and
pharmaceuticals). Studies where high cost substrates are used (for
example, stable isotope compounds) may also find use in the tube
reactor system. There are also disadvantages to the tube reactor
method as compared with larger volume approaches. Some
studies may require larger sample volumes for multiple analyses,
making the use of such a low-flow-rate system impractical.

The particular system that was analysed in this work was found
to be not diffusion limited and the concentration range for each
tube was small. In this case, a much simpler calculation could have
been performed to determine the effective volumetric reaction
rate in the biofilm reactor. When the concentration in the entire
biofilm volume can be considered constant an average reaction
rate in the biofilm in each tube could be determined by simply
calculating the biofilm volume and dividing it by the difference in
concentration across the tube. The constant concentration
assumption cannot be made for all systems so the more rigorous
inverse modelling approach was presented here. In general, if
larger molecules with lower diffusion coefficients are the subject
of a kinetic analysis or if thicker biofilms are present, the more
rigorous method would still be required.

Conclusions

The determination of biofilm-specific reaction rates is important
for the accurate micro-scale modelling of biofilm systems. In this
work, biofilm-specific urea hydrolysis rate coefficients were
determined (both Michaelis—Menten and first-order rate models)
in a tube reactor system. It was found that for the chemical and
hydrodynamic conditions present in this study, a first-order (linear)
rate model fits the reaction rate versus concentration data as
well as the Michaelis—-Menten model which is more difficult to
work with computationally. This work along with the previous
characterisation of E. coli MJK2 in planktonic culture makes the
organism a valuable tool for the study of various aspects of
ureolysis in biofilms. Applications include medical, environmental
science and engineering research topics. Beyond the specific
findings related to ureolysis, the method presented in this work
has wider applications to other biofilms where a biofilm-specific
reaction rate needs to be determined.

CONTRIBUTIONS

JMC wrote the manuscript. JMC and RG developed the experimental design. JMC and
APR performed the experiments. JMC developed the inverse model which was
critically evaluated by BJ, IK and RG. The manuscript was edited by IK and RG and all
the authors reviewed and approved the manuscript.

COMPETING INTERESTS

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS

The authors were funded by the National Science Foundation through NSF award
No. DMS-0934696 and by the US. Department of Energy Grant Numbers
DE-FG-02-09ER64758, DE-FE0004478, DE-FE0009599 and DE-FG02-13ER86571. JMC
was also supported by a NSF-IGERT fellowship in Geobiological Systems at Montana
State University (DGE-0654336).

REFERENCES

1 Morris NS, Stickler DJ, McLean RJ. The development of bacterial biofilms on
indwelling urethral catheters. World J Urol 1999; 17: 345-350.

2 Zhao H, Thompson R, Lockatell V, Johnson DE, Mobley HLT. Use of green
fluorescent protein to assess urease gene expression by uropathogenic Proteus
mirabilis during experimental ascending urinary tract infection. Infect Immun
1998; 66: 330-335.

© 2015 Nanyang Technological University/Macmillan Publishers Limited

Estimation of a biofilm-specific reaction rate:
JM Connolly et al

np)

w

w

(o)}

~N

oo}

O

20

2

22

23

24

25

26

27

28

29

30

De Muynck W, De Belie N, Verstraete W. Microbial carbonate precipitation in
construction materials: a review. Ecol Eng 2010; 36: 118-136.

Phillips AJ, Gerlach R, Lauchnor E, Mitchell AC, Cunningham AB, Spangler L.
Engineered applications of ureolytic biomineralization : a review. Biofouling 2013;
29: 715-733.

Yingjie Q, Cabral JMS. Properties and Applications of Urease. Biocatal
Biotransformation 2002; 20: 1-14.

Handley-Sidhu S, Sham E, Cuthbert MO, Nougarol S, Mantle M, Johns ML et al.
Kinetics of urease mediated calcite precipitation and permeability reduction of
porous media evidenced by magnetic resonance imaging. Int J Environ Sci Technol
2013; 10: 881-890.

Tobler DJ, Cuthbert MO, Greswell RB, Riley MS, Renshaw JC, Handley-Sidhu S et al.
Comparison of rates of ureolysis between Sporosarcina pasteurii and an
indigenous groundwater community under conditions required to precipitate
large volumes of calcite. Geochim Cosmochim Acta 2011; 75: 3290-3301.

Wu Y, Ajo-Franklin JB, Spycher N, Hubbard SS, Zhang G, Williams KH et al.
Geophysical monitoring and reactive transport modeling of ureolytically-driven
calcium carbonate precipitation. Geochem Trans 2011; 12: 1-20.

Ebigbo A, Phillips A, Gerlach R, Helmig R, Cunningham AB, Class H et al.
Darcy-scale modeling of microbially induced carbonate mineral precipitation in
sand columns. Water Resour Res 2012; 48: W07519.

Redden G, Fox D, Zhang C, Fujita Y, Guo L, Huang H. CaCO3 precipitation,
transport and sensing in porous media with in situ generation of reactants.
Environ Sci Technol 2014; 48: 542-549.

Moynihan HJ, Lee CK, Clark W, Wang NH. Urea hydrolysis by immobilized urease
in a fixed-bed reactor: analysis and kinetic parameter estimation. Biotechnol
Bioeng 1989; 34: 951-963.

Connolly J, Kaufman M, Rothman A, Gupta R, Redden G, Schuster M et al. Con-
struction of two ureolytic model organisms for the study of microbially induced
calcium carbonate precipitation. J Microbiol Methods 2013; 94: 290-299.

Collins CM, Falkow S. Genetic analysis of an Escherichia coli urease locus: evidence
of DNA rearrangement. J Bacteriol 1988; 170: 1041-1045.

Folkesson A, Haagensen JAJ, Zampaloni C, Sternberg C, Molin S. Biofilm induced
tolerance towards antimicrobial peptides. PLoS ONE 2008; 3: e1891.

Fidaleo M, Lavecchia R. Kinetic study of enzymatic urea hydrolysis in the pH range
4-9. Chem Biochem Eng Q 2003; 17: 311-319.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T et al. Fiji:
an open-source platform for biological-image analysis. Nat Methods 2012; 9:
676-682.

Zack GW, Rogers WE, Latt SA. Automatic measurement of sister chromatid
exchange frequency. J Histochem Cytochem 1977; 25: 741-753.

Otsu N. Threshold selection method from gray-level histogram. IEEE Trans Syst
Man Cybern 1979; 9: 62-66.

Clark S, Francis PS, Conlan XA, Barnett NW. Determination of urea using
high-performance liquid chromatography with fluorescence detection after
automated derivatisation with xanthydrol. J Chromatogr A 2007; 1161: 207-213.
Stewart PS. A review of experimental measurements of effective diffusive
permeabilities and effective diffusion coefficients in biofilms. Biotechnol Bioeng
1998; 59: 261-272.

Nelder J, Mead R. A simplex-method for function minimization. Comput J 1965; 7:
308-313.

Lagarias JC, Reeds JA, Wright MH, Wright PE. Convergence properties of the
Nelder-Mead simplex method in low dimensions. SIAM J Optim 1998; 9: 112-147.
Ferris FG, Phoenix V, Fujita Y, Smith RW. Kinetics of calcite precipitation induced
by ureolytic bacteria at 10 to 20 °C in artificial groundwater. Geochim Cosmochim
Acta 2003; 68: 1701-1710.

Zhang T, Klapper I. Mathematical model of biofilm induced calcite precipitation.
Water Sci Technol 2010; 61: 2957-2964.

Wildenschild D, Sheppard AP. X-ray imaging and analysis techniques for
quantifying pore-scale structure and processes in subsurface porous medium
systems. Adv Water Resour 2013; 51: 217-246.

litis GC, Armstrong RT, Jansik DP, Wood BD, Wildenschild D. Imaging biofilm
architecture within porous media using synchrotron-based X-ray computed
microtomography. Water Resour Res 2011; 47: W02601.

Davit Y, lltis G, Debenest G, Veran-Tissoires S, Wildenschild D, Gerino M et al.
Imaging biofilm in porous media using X-ray computed microtomography.
J Microsc 2011; 242: 15-25.

Seymour JD, Codd SL, Gjersing EL, Stewart PS. Magnetic resonance microscopy of
biofilm structure and impact on transport in a capillary bioreactor. J Magn Reson
2004; 167: 322-327.

Graf von der Schulenburg DA, Vrouwenvelderb JS, Creber SA, van Loosdrecht
MCM, Johns ML. Nuclear magnetic resonance microscopy studies of membrane
biofouling. J Memb Sci 2008; 323: 37-44.

Fogler HS. Elements of Chemical Reaction Engineering. 4th ed. Prentice Hal, Upper
Saddle River, NJ, 2005.

npj Biofilms and Microbiomes (2015) 15014



np)

Estimation of a biofilm-specific reaction rate:
JM Connolly et al

31 Cussler EL. Diffusion, Mass Transfer in Fluid Systems. 3rd ed. Cambridge University
Press: Cambridge, UK, 1997.

32 Stoodley P, Boyle JD, DeBeer D, Lappin-Scott HM. Evolving perspectives of biofilm
structure. Biofouling 1999; 14: 75-90.

33 Stoodley P, Dodds I, Boyle JD, Lappin-Scott HM. Influence of hydrodynamics and
nutrients on biofilm structure. J Appl Microbiol 1998; 85 Suppl 1: 195-28S.

34 Teodédsio JS, Simbes M, Melo LF, Mergulhao FJ. Flow cell hydrodynamics and their

effects on E. coli biofilm formation under different nutrient conditions and
turbulent flow. Biofouling 2011; 27: 1-11.

35 Ciurli S, Marzadori C, Benini S, Deiana S, Gessa C. Urease from the soil bacterium
Bacillus pasteurii: immobilization on Ca-polygalacturonate. Soil Biol Biochem 1996;
28: 811-817.

36 ASTM E2562. Standard Test Method for Quantification of Pseudomonas aeruginosa
Biofilm Grown with High Shear and Continuous Flow using CDC Biofilm Reactor.
ASTM International, 2007.

37 Lawrence JR, Swerhone GDW, Neu TR. A simple rotating annular reactor for
replicated biofilm studies. J Microbiol Methods 2000; 42: 215-224.

38 Goeres DM, Hamilton MA, Beck NA, Buckingham-Meyer K, Hilyard JD,
Loetterle LR et al. A method for growing a biofilm under low shear at the
air-liquid interface using the drip flow biofilm reactor. Nat Protoc 2009; 4:
783-788.

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the npj Biofilms and Microbiomes website (http://www.nature.com/npjbiofilms)

npj Biofilms and Microbiomes (2015) 15014

© 2015 Nanyang Technological University/Macmillan Publishers Limited


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Estimation of a biofilm-specific reaction rate: kinetics of bacterial urea hydrolysis in a biofilm
	INTRODUCTION
	MATERIALS AND METHODS
	Biofilm growth
	Biofilm thickness measurements

	Figure 1 A schematic for the tube reactor assembly.
	Figure 2 A representative example of a thin section image.
	Urea quantification
	Urea hydrolysis rate determination

	Figure 3 COMSOL model overview with boundary conditions.
	RESULTS AND DISCUSSION
	Analytical results
	Urea measurement
	Biofilm thickness profiles
	Sources of error

	Reactive transport characterisation

	Figure 4 Urea concentration as predicted by the reactive transport model for each tube reactor used in the analysis.
	Kinetic parameter fitting
	Practical applications

	Figure 5 Average urea concentration within the biofilm volume versus estimated urea hydrolysis rate.
	Table 1 Average dimensionless parameters for all tube reactors along with their minima (Min) and maxima (Max)
	Conclusions

	Morris NS, Stickler DJ, McLean RJ. The development of bacterial biofilms on indwelling urethral catheters. World J Urol 1999; 17: 345&#x02013;350.Zhao H, Thompson R, Lockatell V, Johnson DE, Mobley HLT. Use of green fluorescent protein to assess urease ge
	Morris NS, Stickler DJ, McLean RJ. The development of bacterial biofilms on indwelling urethral catheters. World J Urol 1999; 17: 345&#x02013;350.Zhao H, Thompson R, Lockatell V, Johnson DE, Mobley HLT. Use of green fluorescent protein to assess urease ge
	Morris NS, Stickler DJ, McLean RJ. The development of bacterial biofilms on indwelling urethral catheters. World J Urol 1999; 17: 345&#x02013;350.Zhao H, Thompson R, Lockatell V, Johnson DE, Mobley HLT. Use of green fluorescent protein to assess urease ge
	REFERENCES



 
    
       
          application/pdf
          
             
                Estimation of a biofilm-specific reaction rate: kinetics of bacterial urea hydrolysis in a biofilm
            
         
          
             
                npj Biofilms and Microbiomes ,  (2015). doi:10.1038/npjbiofilms.2015.14
            
         
          
             
                James M Connolly
                Benjamin Jackson
                Adam P Rothman
                Isaac Klapper
                Robin Gerlach
            
         
          doi:10.1038/npjbiofilms.2015.14
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Nanyang Technological University/Macmillan Publishers Limited
          10.1038/npjbiofilms.2015.14
          2055-5008
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/npjbiofilms.2015.14
            
         
      
       
          
          
          
             
                doi:10.1038/npjbiofilms.2015.14
            
         
          
             
                npjbiofilms ,  (2015). doi:10.1038/npjbiofilms.2015.14
            
         
          
          
      
       
       
          True
      
   




