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Abstract

Aims: Ureolysis drives microbially induced calcium carbonate precipitation

(MICP). MICP models typically employ simplified urea hydrolysis kinetics that

do not account for cell density, pH effect or product inhibition. Here, ureolysis

rate studies with whole cells of Sporosarcina pasteurii aimed to determine the

relationship between ureolysis rate and concentrations of (i) urea, (ii) cells,

(iii) NHþ
4 and (iv) pH (H+ activity).

Methods and Results: Batch ureolysis rate experiments were performed with

suspended cells of S. pasteurii and one parameter was varied in each set of

experiments. A Michaelis–Menten model for urea dependence was fitted to the

rate data (R2 = 0�95) using a nonlinear mixed effects statistical model. The

resulting half-saturation coefficient, Km, was 305 mmol l�1 and maximum rate

constant, Vmax, was 200 mmol l�1 h�1. However, a first-order model with

k1 = 0�35 h�1 fit the data better (R2 = 0�99) for urea concentrations up to

330 mmol l�1. Cell concentrations in the range tested (1 9 107–
2 9 108 CFU ml�1) were linearly correlated with ureolysis rate (cell dependent

V 0
max = 6�4 9 10�9 mmol CFU�1 h�1).

Conclusions: Neither pH (6–9) nor ammonium concentrations up to

0�19 mol l�1 had significant effects on the ureolysis rate and are not necessary

in kinetic modelling of ureolysis. Thus, we conclude that first-order kinetics

with respect to urea and cell concentrations are likely sufficient to describe

urea hydrolysis rates at most relevant concentrations.

Significance and Impact of the Study: These results can be used in

simulations of ureolysis driven processes such as microbially induced mineral

precipitation and they verify that under the stated conditions, a simplified

first-order rate for ureolysis can be employed. The study shows that the kinetic

models developed for enzyme kinetics of urease do not apply to whole cells of

S. pasteurii.

Introduction

Urea hydrolysis (ureolysis) is a microbial process that can

promote the precipitation of carbonates such as calcium

carbonate (CaCO3) by producing dissolved inorganic car-

bon and increasing the saturation state of carbonate min-

erals (Mitchell et al. 2008; DeJong et al. 2010; van

Paassen et al. 2010). The CaCO3 can act as a biogenic

cement in porous media and potentially plug small frac-

tures where conventional cement cannot penetrate, which

has led to interest in developing microbially induced cal-

cium carbonate precipitation (MICP) as a cement alter-

native in some engineering applications (DeJong et al.

2010; Cunningham et al. 2013; Phillips et al. 2013).

Potential applications of MICP include sequestering

groundwater contaminants, such as radionuclides, in

CaCO3 (Fujita et al. 2010), soil stabilization and consoli-

dation (De Muynck et al. 2010; DeJong et al. 2010), and

plugging subsurface fractures near well bores to manipu-

late fluid transport (Cunningham et al. 2013; Cuthbert
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et al. 2013). Ureolysis driven MICP provides a biologi-

cally driven process that requires a low-cost substrate

(urea) and is highly effective in model organisms, such as

Sporosarcina pasteurii (Stocks-Fischer et al. 1999; Phillips

et al. 2013).

Ureolysis driven MICP involves a single enzyme-cataly-

sed reaction, which can be easily modelled if the reaction

kinetics are known (Mobley and Hausinger 1989; Kra-

jewska 2009; Chahal et al. 2011; Burbank et al. 2012).

Modelling studies have been utilized to make predictions

and optimize ureolysis driven MICP for field applications

(Zhang and Klapper 2010; Barkouki et al. 2011; Ebigbo

et al. 2012). To create a model that accurately evaluates

the potential for successful application of ureolytic MICP,

a better understanding of the kinetic parameters for the

microbially driven ureolysis reaction is needed.

Thus far, increasingly complex models of enzyme-based

ureolysis kinetics have been developed (Fidaleo and La-

vecchia 2003), which add to model uncertainty and may

not apply to whole cell systems (Ebigbo et al. 2012). The

ureolysis reaction is likely to exhibit Michaelis–Menten

behaviour when whole cells are used as catalysts, though

the kinetic parameters will differ from those determined

for the enzyme due to the necessary transport of urea

into the cell.

Ureolysis is catalysed by urease (urea amidohydrolase)

and the overall equation is shown in Eqn (1). The pro-

duction of NH3 by ureolysis ultimately results in an

increase in the pH of the system. Ureolysis also increases

the dissolved inorganic carbon concentration of a system

and in systems with carbonate alkalinity this increase in

pH shifts the carbonate equilibrium towards CO2�
3 . Ure-

ase is a widespread enzyme in bacteria and is produced

by some plants, such as soybean and jack bean (Kra-

jewska 2009). MICP studies have mostly focused on the

ureolytic soil bacterium S. pasteurii due to the high ure-

ase production and constitutive expression of the enzyme

(Mobley et al. 1995; DeJong et al. 2010; Cunningham

et al. 2013; Phillips et al. 2013).

COðNH2Þ2 þ 2H2O ! 2NH3 þH2CO3 ð1Þ
Kinetic models of urea hydrolysis by jack bean urease

have been developed which incorporate pH dependence,

temperature dependence and NHþ
4 concentration

(Moynihan et al. 1989; Qin and Cabral 1994; Fidaleo and

Lavecchia 2003; Krajewska et al. 2012). The Michaelis–
Menten model has been widely used in such studies,

which is described by two parameters: the maximum rate

constant which represents the highest reaction rate

possible for the enzyme (Vmax), and the half-saturation

coefficient (Km), which is the concentration at which

the reaction proceeds at half the maximum rate

(Cornish-Bowden 2004).

In addition, urease produced by the bacterium

S. pasteurii has been extracted and subjected to kinetic

studies, including Michaelis–Menten based models

(Krajewska 2009). Sporosarcina pasteurii cell extract ure-

ase was found to have a maximum activity at pH 8�0
with a strong pH dependence on the enzyme activity

(Stocks-Fischer et al. 1999). Bachmeier et al. (2002)

determined that immobilizing the enzyme increases the

apparent Km and decreases Vmax due to mass transfer

limitations (Bachmeier et al. 2002).

Many engineering applications of ureolytic MICP focus

on cell- or biofilm-based systems, which may differ from

the observed enzyme kinetics. Whole cell studies of MICP

have typically assumed zero- or first-order ureolysis rates

with respect to substrate concentration (Ferris et al. 2003;

Okwadha and Li 2010; Tobler et al. 2011; Cuthbert et al.

2012). Additionally, studies have not incorporated the

influence of cell concentration on ureolysis due to limita-

tions of measuring cell viability during MICP (Kantzas

et al. 1992; Ferris et al. 2003; Dupraz et al. 2009). How-

ever, the positive correlation between cell concentration

(inoculum size) and ureolysis rate has been recognized in

recent studies (Okwadha and Li 2010; Tobler et al. 2011;

Cuthbert et al. 2012). One recent study has evaluated

ureolysis kinetics during batch growth of S. pasteurii

(Connolly et al. 2013). Here, the ureolysis reaction is iso-

lated from growth by short term experiments (1 h) that

limit growth and product accumulation.

In this study we use suspended cell experiments to

investigate the influence of four parameters on the kinet-

ics of urea hydrolysis by whole cell cultures of the bacte-

rium S. pasteurii (ATCC 11859): (i) urea concentration,

(ii) cell density, (iii) NHþ
4 concentration and (iv) pH.

The results of these investigations provide insight into

the appropriateness of different kinetic expressions that

can be incorporated into reactive transport model simula-

tions, rate predictions and the optimization of ureolytic

MICP applications.

Materials and methods

Growth and kinetic media

Growth medium for overnight cultures of S. pasteurii

consisted of 37 g l�1 Brain Heart Infusion (Becton Dick-

inson, Franklin Lakes, NJ) and 20 g l�1 urea (Fisher Sci-

entific, Inc., Pittsburgh, PA) in deionized water, and was

sterilized by autoclaving at 121°C for 20 min. The med-

ium used for ureolysis batch experiments contained

3 g l�1 Difco nutrient broth (BD, Franklin Lakes, NJ), 0–
10 g l�1 ammonium chloride (Fisher Scientific, Pittsburg,

PA) and 0�05–45 g l�1 urea (Fisher Scientific, Pittsburg,

PA) in deionized water. The medium was adjusted to pH
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6�0 and filter sterilized using SteriTop 0�2 lm bottle top

filters (Nalgene, Rochester, NY). The standard ureolysis

medium consisted of 330 mmol l�1 urea (20 g l�1),

187 mmol l�1 NH4Cl (10 g l�1) and 3 g l�1 nutrient

broth, which was used as a control case for each experi-

ment to demonstrate no significant variations in ureolytic

activity between S. pasteurii cultivated for the different

experiments in this work. This medium recipe is used by

our group in laboratory and field scale experiments, thus

the growth and ureolysis behaviour of S. pasteurii is well

known under these conditions, making it an ideal

positive control for the studies.

Culture preparation

A frozen stock (1 ml) of S. pasteurii (ATCC 11859) was

added to 100 ml of growth medium. The culture was sha-

ken for 24 h at 150 rev min�1 and 30°C and 1 ml was

transferred to 100 ml of fresh growth medium and incu-

bated under the same conditions for 13–16 h, at the end

of which cells were in late exponential growth phase. For

each batch experiment, 100 ml of the culture was centri-

fuged at a relative centrifugal force of 2964 g for 10 min.

The cell pellet was resuspended in 5 ml fresh growth med-

ium. Centrifugation and resuspension were repeated three

times, after which an aliquot of the concentrated cell sus-

pension was added to 100 ml of medium in each batch

reactor. For all batch experiments except the variable cell

concentration studies, the final cell density in suspension

had an average OD600 of 0�1 (�12%) on a Synergy HT

reader (Biotek Instruments, Inc., Winooski, VT) in a

96-well plate with 100 ll per well.

Batch kinetic experiments

Batch reactors for the kinetic rate experiments consisted

of sterile 250 ml Wheaton bottles with septa caps, con-

taining 100 ml of liquid medium. The 150 ml headspace

remaining in the reactors provided adequate oxygen for

the 1 h long experiments. After inoculation with 1 ml of

concentrated culture, bottles were placed in a shaker

incubator at 30°C and 150 rev min�1. Samples were

taken at 10 or 15 min intervals for 2 h to monitor urea,

pH, NHþ
4 and OD600. The total volume of liquid sampled

from the batch reactors amounted to 15% or less of the

liquid volume in the reactors.

The reactors were sampled by inserting a needle through

the septa and withdrawing 1�5 ml of liquid sample into a

syringe. An aliquot of the liquid sample (0�5 ml) was fil-

tered through syringe filters with 0�2 lm pore size and the

samples were stored in 1�5 ml microcentrifuge tubes at

4°C until further analyses. The remainder of the unfiltered

liquid sample (1 ml) was used to measure pH and OD600.

The control variables NHþ
4 , pH, cell density and urea

concentration were evaluated in the batch experiments by

varying one parameter in the initial conditions for each

set of experiments. Table 1 shows the experimental con-

ditions used to investigate each parameter. In the pH

experiments, buffers at a total concentration of

100 mmol l�1 were as follows: pH 5: citric acid/sodium

citrate, pH 6: NaH2PO4/Na2HPO4, pH 7: TRIS-HCl/TRIS

base, pH 8: HEPES buffer, pH 9: CHES buffer, pH 10:

NaHCO3/Na2CO3. In preliminary tests, cells grew suc-

cessfully overnight in growth medium containing each

buffer solution, indicating that the buffers were not toxic

to the cells under the growth conditions.

Analytical methods

Urea was measured using a method consisting of a deriv-

atization reaction and detection via HPLC as described

previously (Lauchnor et al. 2013). Colony forming units

in the inoculum were determined by performing serial

dilution and drop plating to verify the initial bacterial

concentration (Herigstad et al. 2001).

Kinetic models

The initial ureolysis rate for the first hour of each

experiment was calculated from the slope of urea con-

centration over time. The concentration and initial rate

for each test was used to fit the data to several kinetic

models. An assumption involved in the initial rate

method is that a linear rate can be determined at early

time points (first hour) before concentrations in the

solution have changed significantly (Cornish-Bowden

2004). Thus, a single rate corresponding to the initial

urea concentration is determined for each batch experi-

ment. The rate analysis was performed for triplicate

flasks at each condition, and the averages and standard

deviations of triplicates were calculated from the indi-

vidual rates.

Ru ¼ D½urea�
Dt

ð2Þ

The initial rate (Ru) in mol l�1 h�1 was estimated for

each experiment by calculating the slope of [urea] vs time

for the first hour (Eqn (2)). Then, for each rate test the

urea concentration at initial time (t = 0) was correlated

with the rate calculated for that experiment, resulting in

a pair of values ([ureai], Ru,i) for each experiment (Table

S1). First order and Michaelis–Menten kinetic models

were investigated to assess the dependence of ureolysis

rate on substrate (urea) concentration.

In Eqn (3) describing the first-order ureolysis rate in

mol l�1 h�1 (Ru), k1 is the first-order rate constant with
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units of h�1 and [urea] is the urea concentration in

mol l�1.

Ru ¼ �k1½urea� ð3Þ
The Michaelis–Menten model is a commonly used

kinetic model describing enzyme-catalysed reactions.

Equation (4) was used as the Michaelis–Menten-based

equation for the ureolysis reaction in terms of [urea]:

Ru ¼ � Vmax½urea�
Km þ ½urea�

� �
ð4Þ

The Michaelis–Menten term on the right side of Eqn (4)

is negative as it represents consumption of urea. The con-

stant Km is the half-saturation coefficient with units of

molar urea concentration, and Vmax is the maximum rate

of reaction with units of urea concentration per time. As in

the first-order model, the initial rate method was used,

where [urea] is the initial urea concentration from each

batch test and Ru is the corresponding rate.

Statistical methods of parameter estimation

Initial rate calculations were performed for each individ-

ual reactor before averaging. The individual rates for each

reactor were used for the parameter estimation, although

the data are condensed into the averages and standard

deviations of the triplicates in Table 2. The complete data

set is shown in the Supplemental Information (Table S1).

The experimental data ([ureai], Ru,i) was used to fit k1 in

Eqn (3) using a linear regression.

Two different statistical models were used for parame-

ter estimation in Eqn (4); nonlinear least-squares (nls)

and nonlinear mixed effects (nlme). A nonlinear least-

square (nls) method was employed to optimize fitting of

Michaelis–Menten parameters to the data. In this

method, the combined residual sum of squared error was

minimized between the model and experimental rates to

determine the most likely estimates for the kinetic coeffi-

cients. A second method for parameter estimation, non-

linear mixed effects (nlme), was also used to estimate the

optimized values of Michaelis–Menten parameters while

incorporating random effects such as differences in exper-

imental date. The nlme model first determined whether

random effects were influential in fitting the model to the

experimental data, which can occur as a result of running

experiments with bacterial cultures grown on different

days. If random effects were influential, then updated

estimates of the kinetic coefficients were provided.

The solver function in Microsoft Excel, Office 2010

(Microsoft Corporation, Redmond, WA) and MATLAB ver.

R2013a (MathWorks, Inc., Natick, MA) were used inde-

pendently for parameter estimation using the nls method.

The two programs generated the same optimized parame-

ters estimated by the nonlinear least-square approach.

The R package nlme (Team 2012) was used to conduct

parameter estimation on the data set by nonlinear mixed

effects optimization (Pinheiro and Bates 2000; Pinheiro

et al. 2012).

Results

Urea dependent kinetics

The initial ureolysis rate was determined at varying urea

concentrations in the batch reactors while maintaining

Table 1 Summary of experimental conditions for each parameter of interest

Experiment Parameter NH4Cl (mmol l�1) Urea (mmol l�1) pH OD600

1 Substrate (urea) 187 1–722 6�0–9�3* 0�025
2 Cell concentration 187 333 6�0–9�3* 0�025, 0�075, 0�10, 0�15
3 Product (NHþ

4 ) 6, 23, 147 54 6�0–9�3* 0�025
4 pH (Buffered) 187 54 5, 6, 7, 8, 9, 10 0�025

*Unbuffered medium, see Fig. 1b,d. Initial pH was 6�0, final pH was 9�3.

Table 2 Averages and standard deviations of triplicate ureolysis rate

batch experiments with varying urea concentrations. Initial urea val-

ues were measured before the addition of bacteria. Reactors in the

same experimental group were tested on the same day with the same

bacterial culture as inoculum

Experimental

group

Initial urea,

[ureai] mmol l�1

Initial rate,

Ru,i mmol

l�1 h�1

Standard

deviation of

rate, mmol

l�1 h�1*

1 722 129 16

2 542 129 16

1 423 133 9

1 314 116 14

3 319 114 7

2 266 86 10

3 179 53 1

3 54 16 3

3 18 6�8 2�1
3 7�5 1�4 0�1
2 3�8 1�9 0�4
2 1�1 0�6 0�2

*Standard deviations of rates were calculated from individual rates of

triplicate batch experiments.
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relatively constant biomass concentration over 1 h.

Results of urea and pH analysis with initial urea concen-

trations between 179 and 542 mmol l�1 are shown

Fig. 1a,b. In all of these experiments, the pH approached

9�0 over the first hour due to production of NH3 and

consumption of protons during acid/base equilibration of

the NHþ
4 /NH3 buffer system. The cell concentrations

were measured in all experiments and CFU ml�1 only

varied 30% between all batch reactors and over the dura-

tion of the experiments.

Figure 1c,d show urea concentration and pH, respec-

tively, for batch experiments performed with initial urea

concentrations between 3�8 and 54 mmol l�1. In the

presence of low initial urea concentrations (Fig. 1d), the

pH did not increase rapidly due to slower production of

NH3, and thus the pH was still well below 9�0 after 1 h.

In these systems, due to the absence of calcium and

inability for CaCO3 precipitation, the extent of ureolysis

correlates directly to the pH increase, as the production

of NHþ
4 is the most significant driving force for pH

change in the system.

Linear regression lines shown in Fig. 1a,c correspond to

the calculated linear slope values used for initial rate analy-

sis. The linearly changing urea concentrations in Fig. 1

indicate that the initial rate method approach (Cornish-

Bowden 2004) was valid for the 1 h duration of these

experiments. Table 2 summarizes the urea concentrations

and calculated rates from the experiments in Fig. 1, which

were used as inputs for kinetic model analysis.

Increasing ureolysis rates correlate with higher urea

concentrations up to 314 mmol l�1, above which the

ureolysis rate was relatively constant (Fig. 2). The nonlin-

ear least-square estimates for the parameters for the

Michaelis–Menten model in Eqn (4) were Vmax = 216

mmol l�1 h�1 with a 95% confidence interval (CI) =
[166, 266] and Km = 359 mmol l�1 with a 95% CI =
[184, 534] (R2 = 0�95).
The nonlinear mixed effects model was used to

account for a random effect due to different cell culture

growth or other changes between the different experi-
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Figure 1 Urea (a, c) and pH (b, d) over time

in batch experiments with varying

concentrations of initial urea. (a) and (b) high

concentration range in mmol l�1 urea: (○)

179, (♢) 266, (▲) 314, (●) 542, (c) and (d)

low concentration range in mmol l�1 urea:

(○) 3�8, (♢) 7�5, (▲) 18, (●) 54. In all batch

experiments, biomass concentration was

3�4 � 0�4*107 CFU ml�1. Error bars show

standard deviations of experimental

triplicates.
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Figure 2 Summary of batch experimental results with varying urea

concentrations. Symbols (♦) indicate experimental results with error

bars representing standard deviation of triplicate samples. The data is

shown as the average of triplicate reactors, although the individual

data points in Table 2 were used for parameter estimation. The

model lines indicate the Michaelis–Menten model (Eqn 2) (long dash),

first-order model up to 330 mmol l�1 urea (solid line), and zero-order

model above 330 mmol l�1 (dash-dot).
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ments. A significant random effect due to Km was identi-

fied among the different experimental dates. Thus, slight

differences existed between the experimental dates and

most of the uncertainty in the model was due to uncer-

tainty in estimation of Km. This resulted in smaller

predicted values for the kinetic parameters: Vmax =
200 mmol l�1 h�1 and Km = 305 mmol l�1. The mixed

effects model also predicted a 95% CI for Vmax of [153,

247] mmol l�1 h�1 and 95% CI for Km of [139,

471] mmol l�1. With either statistical method, a clear

trend in residuals is present between the model and

experimental data (Figure S1), indicating that the form of

the Michaelis–Menten model in Eqn (4) does not entirely

describe the kinetics of the ureolysis reaction.

The ureolysis rates at different urea concentrations

were also fitted to a first-order relationship using linear

regression, as in Eqn (3). If the entire concentration

range is taken into account, a first-order approximation

of ureolysis rate indicates a trend in residuals and an

R2 = 0�22. The first-order rate constant was fitted to the

urea concentration range 1�1–319 mmol l�1, resulting in

a first-order rate constant of k1 = 0�35 h�1 with a 95%

CI of 0�02 h�1 and R2 = 0�98 (Fig. 2). This indicated that

ureolysis rate can be approximated as first order with

respect to urea concentration, up to approx. 330 mol l�1

for S. pasteurii. However, in an effort to make the Micha-

elis–Menten model more accurate, the potential impacts

of cell concentration, NHþ
4 and pH are evaluated in the

following sections.

Sensitivity assessment

The sensitivity of the optimized values of Vmax and Km

was assessed by varying each parameter independently 10

and 25% above and below the optimized value, while

keeping the other parameter constant (Fig. 3). With the

exception of the data point at 54 mmol l�1, the variability

in experimental results is within the range of the sensitiv-

ity analysis when Vmax is increased or decreased by 25%.

The R2 values for rate models in the sensitivity analysis

remained above 0�90, even when Km or Vmax deviated up

to 25% from the optimized values (Fig. 3). This suggests

that the model’s fit to the data does not have a high

degree of sensitivity to small changes in the optimized

values for the parameters. The Michaelis–Menten model

was the only model examined here that could be applied

to the complete range of substrate concentrations (Fig. 2).

Thus, this rate model was used for the remaining compar-

isons with pH, cell concentration and [NHþ
4 ].

A sensitivity analysis was performed for the optimized

values of Vmax and Km to determine the maximum sensi-

tivity of the model fit. The model was shown to be most

sensitive to changes in the parameters that satisfy

4*Vmax�Km (SI, Figure S3). This indicates that the model

is impacted more by changes in Vmax than Km, which is

supported by the results shown in Fig. 3 and also by the

observation that most of the variability in the model is

due to Km uncertainty. Thus, it appears to be more

important to accurately determine the maximum rate in

the Michaelis–Menten model than the half-saturation

coefficient.

Influence of bacterial cell concentration

Batch experiments at a single urea concentration

(330 mmol l�1) were performed with a range of cell con-

centrations, from 1 9 107–2 9 108 CFU ml�1 (Fig. 4).

Optical density, or absorbance, is linearly proportional to

the cell concentration in a solution according to the

Beer-Lambert Law (Parks 2009). Therefore, Fig. 4 shows

that ureolysis rate is linearly proportional to cell concen-

tration within the range of cell concentrations utilized

here. Likewise, other studies have found a positive corre-

lation between cell density and ureolysis rate by S. paste-

urii (Okwadha and Li 2010; Tobler et al. 2011). The data

presented here clearly indicate a linear relationship

between the apparent ureolysis rate and cell concentra-

tion, indicating that such a correlation can be included in

a kinetic model of ureolysis within the cell concentration

range evaluated here.
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In the urea dependent batch experiments, the inocu-

lum was designed to yield the same initial cell density of

3�4 � 0�4 9 107 CFU ml�1 (OD600 = 0�026 � 0�004) in

all experiments and the cell concentration increased due

to growth by a maximum of only 30%. A biomass-nor-

malized Michaelis–Menten model (Eqn (5)) was fitted to

the data by dividing the ureolysis rate by the biomass

concentration in each flask. The cell concentration [X] is

considered a surrogate measurement for urease enzyme

concentration. In S. pasteurii the urease enzyme is consti-

tutively produced; thus the concentration of cells is

assumed to be proportional to the enzyme concentration

(Mobley et al. 1995).

d½urea�
dt

¼ ½X� V 0
max½urea�

K 0
m þ ½urea�

� �
ð5Þ

Equation (5) incorporates the assumption that the bio-

mass concentration [X] is linearly correlated with ureoly-

sis rate, indicating that an increase in biomass should

correspond to an increase in ureolysis rate. This assump-

tion was based on the low range of bacterial cell concen-

trations that were used in the batch rate experiments,

whereas in the case of high density biomass, such as in a

biofilm, the assumption may not be valid. Cell concentra-

tion, [X], was expressed as optical density at 600 nm

(OD600) because absorbance based measurements have a

positive linear correlation with colony forming units of

S. pasteurii (active biomass) (Parks 2009).

The nonlinear mixed effects model was used to esti-

mate the parameters K 0
m and V 0

max in Eqn (5), using bio-

mass-normalized ureolysis rate data. The result of

parameter fitting resulted in a V 0
max of 6�4 9 10�9 mmol

urea CFU�1 h�1 and K 0
m of 355 mmol l�1 and did not

improve the R2 value for the Michaelis–Menten model,

which was 0�947 (Figure S2). Presumably, this was due to

the fact that only small differences in cell concentration

(30%) were observed.

Influence of ammonium concentration

NHþ
4 inhibition was evaluated by batch tests with varying

initial NH4Cl concentrations (Fig. 5a). In these experi-

ments, 83 mmol l�1 urea (5 g l�1) were used instead of

330 mmol l�1 to reduce the change in NHþ
4 concentra-

tion over the 1 h long experiments. The highest initial

NHþ
4 concentration tested was 147 mmol l�1 as NH4Cl,

which resulted in a molar ratio of 1 mol urea:2 mol

NHþ
4 . A parallel control test with standard ureolysis med-

ium containing 330 mmol l�1 urea resulted in a urea

hydrolysis rate of 114 mmol l�1 h�1, which verified that

bacterial activity was consistent with the previously con-

ducted 330 mmol l�1 experiments (Table 2).

Ureolysis rates were compared between the batch

experiments performed without NHþ
4 and the three initial

NH4Cl concentrations of 147, 23 and 6 mmol l�1

(Fig. 5a). In all experiments, the initial pH of 6�3
increased to 7�5 after 1 h due to ureolysis. The ureolysis

rate was not significantly different between the four cases

(one-way ANOVA, P-value = 0�6). Therefore, in the con-

centration range of 0–147 mmol l�1 NHþ
4 , the presence

of NHþ
4 had no significant effect on the ureolysis rate.

The average initial rate was 18 mmol l�1 h�1
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(SD = 4 mmol l�1 h�1) over the range of tested NHþ
4

concentrations.

Inhibition of ureolysis by NHþ
4 or NH3 has been incor-

porated into previous models by addition of a noncom-

petitive product inhibition term to the Michaelis–Menten

model, as shown in Eqn (6) (Qin and Cabral 1994; Fida-

leo and Lavecchia 2003).

d½urea�
dt

¼ ½X� Vmax½urea�
ðKm þ ½urea�Þ 1þ ½NHþ

4 �
Kp

� �
0
B@

1
CA ð6Þ

The results of experiments with varying NH4Cl con-

centration aligned well with the rates from the original

experiments with 187 mmol l�1 NH4Cl and similar urea

concentrations, as indicated by the proximity to the

Michaelis–Menten curve (Fig. 5b). Therefore, an ammo-

nium inhibition term does not appear to be required for

kinetic models describing ureolysis. Thus, a determina-

tion of Kp is likely not needed since NHþ
4 does not inhi-

bit ureolysis in the concentration range of NHþ
4 that

might be produced during MICP applications (Phillips

et al. 2013).

Influence of pH

Qualitative comparison of ureolysis rates over the pH

range of 5–10 indicates a slight dependence on pH with

the highest ureolysis rate near pH 9 (Fig. 6). The unbuf-

fered controls exhibited slightly higher ureolysis rates

than the pH buffered tests, which may indicate a minor

effect of the buffer chemicals on enzyme activity. Based

on multiple t-tests comparing the ureolysis rates at differ-

ent pH values, the only statistically significant differences

(P < 0�05) existed between the rates at pH 9 and 10, and

the rates at pH 5 and 9.

As noted above, a pH increase occurred during the

experiments, with the greatest pH increase observed with

330 mmol l�1 initial urea or more (Fig. 1b,d). Previous

studies of urease enzyme kinetics concluded that ureolysis

is pH dependent (Moynihan et al. 1989; Qin and Cabral

1994; Ciurli et al. 1996; Fidaleo and Lavecchia 2003) and

can be described using the model shown in Eqn (7):

d½urea�
dt

¼ Vmax½urea�
ðKm þ ½urea�Þ 1þ fHþg

Kes;1
þ Kes;2

fHþg

� �
0
BB@

1
CCA ð7Þ

The parameters Kes,1 and Kes,2 are acid-base equilib-

rium constants for protonation and deprotonation of the

enzyme respectively. Cell concentration is not included

here, as the experiments here were conducted at a single

cell concentration. This kinetic model results from allow-

ing urease to become protonated or deprotonated, which

in turn impacts the activity of the enzyme (Fidaleo and

Lavecchia 2003). For S. pasteurii urease, the optimal pH

has been shown to be pH 8 under both suspended and

immobilized conditions (Ciurli et al. 1996). Ciurli and

others demonstrated that both fixed and free S. pasteurii

urease would lose 80% of its ureolytic activity due to a

pH increase above 9�0 or a decrease below pH 6�0.
Ureolysis rate models based on Eqn (7) are shown in

Fig. 6. The model using the Kes,1 and Kes,2 parameter val-

ues determined by Fidaleo and Lavecchia (2003)

(7�6*10�7 mol l�1 for Kes,1 and 1�3*10�8 mol l�1 for

Kes,2) does not provide a good fit to the data. An attempt

to fit Kes,1 and Kes,2 in Eqn (7) by nonlinear least squares

using the data in Fig. 6 and values of Vmax

(200 mmol l�1 h�1) and Km (305 mmol l�1) was also

unsuccessful (Fig. 6, solid line). These values for Vmax

and Km were used because they were fitted using a range

of urea concentrations, whereas the pH dependent experi-

ments were performed with a single urea concentration

and the data set in Fig. 6 was not sufficient to refit Vmax

and Km.

The fitted values of Kes,1 and Kes,2 were both higher

than those reported by Fidaleo and Lavecchia for jack

bean urease (Fidaleo and Lavecchia 2003). The fitted val-

ues of Kes,1 and Kes,2 were 1�6*10�8 mol l�1 and

6�6*10�10 mol l�1, respectively, however the rate model

still did not correspond to the data.

The average rate for the pH buffered experiments is

shown as a horizontal line in Fig. 6. The sum of squared

error between the average rate and the data points was

almost an order of magnitude smaller than the pH

dependent model fit. This indicates that within the pH
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deviations of ureolysis rates and are smaller than the markers if not

visible. The model with fitted Kes1 and Kes2 according to equation 9
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Kes,2 from Fidaleo and Lavecchia (2003) (dashed line). The horizontal

line (dash-dot) indicates the average ureolysis rate of the experiments.
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range tested, the pH does not significantly influence the

ureolysis rate by whole cell suspensions of S. pasteurii.

Discussion

In this work, the effects of urea (substrate) concentration

and cell concentration were significant in the kinetic

model, although NHþ
4 and pH did not have a significant

impact on ureolysis rate. As seen in previous studies, the

rate of ureolysis by S. pasteurii is dependent on urea con-

centration. A Michaelis–Menten model with respect to

urea concentration was fitted to the entire concentration

range of the batch data (1–720 mmol l�1), although a

first-order rate model was the best fit for urea concentra-

tions in the range below 330 mmol l�1. It is worth not-

ing that urea concentrations used in many MICP

applications and experiments are usually below

330 mmol l�1 urea (Phillips et al. 2013). This indicates

that a first-order ureolysis rate model might be suitable

for most real world MICP applications.

The Km value of 305 mmol l�1 was determined by

nlme for the Michaelis–Menten ureolysis model. Other

studies have reported both higher and lower values for

whole cell ureolysis by S. pasteurii (Kantzas et al. 1992;

Connolly et al. 2013; Mahanty et al. 2014). Connolly

et al. (2013) determined a lower Km of 67 mmol l�1 in

experiments during growth of biomass over 30 h, which

may have resulted in uncertainty of the ureolysis rates.

Mahanty and others determined a similar value to Con-

nolly et al. of Km = 44�1 mmol l�1 in a growth depen-

dent study of S. pasteurii (Mahanty et al. 2014). Kantzas

et al. performed a whole cell study with S. pasteurii and

measured a Km of 722�6 mmol l�1 (43 g l�1), twice the

value determined in the present study.

The affinity of urease in the whole cell study is lower

than that of the extracted enzyme, indicated by the higher

Km value of whole cells (305 mmol l�1) compared to

purified enzyme Km (17 mmol l�1) (Bachmeier et al.

2002) or cell extract urease (26�2 mmol l�1 at pH 7�7)
(Stocks-Fischer et al. 1999). This result is expected, as the

affinity of urease inside a cell can be considered a lumped

parameter that accounts for transport of the substrate

into the cell in addition to the enzyme affinity. It has

been shown that S. pasteurii is not likely to have an

active transport mechanism for urea uptake into the cell

(Jahns et al. 1988). Thus, urea uptake in S. pasteurii is

dependent upon diffusion across the membrane driven

by a concentration gradient.

The nonlinear mixed effects model determined that

there was a small but significant random effect on ureoly-

sis rates due to experiment-to-experiment sources (such

as variation in the cell cultures grown on different days),

and that variability between experiments influenced the

fit of the Michaelis–Menten model to the data. However,

the confidence intervals for the parameter estimates were

large enough that according to the 95% confidence inter-

val, the estimates made by nls and nlme were not signifi-

cantly different. Additionally, the sensitivity analysis

performed (Fig. 3) suggests that the model’s fit to the

data does not have a high degree of sensitivity to small

changes in the optimized values for the parameters.

The first-order constant for ureolysis of 0�35 h�1

(8�4 day�1) is higher than other published 1st order ure-

olysis rate constants for S. pasteurii. The kurea values

determined by Tobler and others were 0�044–0�10 h�1

(1�06–2�45 day�1) for similar cell densities (Tobler et al.

2011), and Okwadha and Li determined kurea values of

0�33–0�35 h�1 (0�80–0�85 day�1) for higher cell concen-

trations (7–8 9 107 CFU ml�1) and varying urea concen-

trations (Okwadha and Li 2010). These lower rate

constants could be largely due to the presence of calcium

in the other studies, resulting in precipitation of CaCO3

on cells and potentially cell inactivation. For this reason,

we did not supply calcium in order to obtain uninhibited

ureolysis rate constants, and additional studies are neces-

sary to quantify the bacterial deactivation by CaCO3 pre-

cipitation.

Above the threshold concentration of 319 mmol l�1

urea (approx. 20 g l�1), a zero-order approximation can

be used for ureolysis by suspended cultures at a cell den-

sity of approx. 3�4*107 CFU ml�1. However, based on

the zero-order approximation at high urea concentrations

the maximum ureolysis rate is 124 mmol l�1 h�1 (stan-

dard deviation 13 mmol l�1 h�1), which is much lower

than the Michaelis–Menten Vmax value of

216 mmol l�1 h�1. The residuals present in the Michael-

is–Menten model follow a trend (Figure S1), suggesting

that the model equation does not completely describe the

relationship between urea concentration and ureolysis

rate. However, the Michaels-Menten model is preferred

over the first-order relationship when evaluating ureolysis

over the entire concentration range in Fig. 2.

The cell concentration studies indicate that the inclu-

sion of the biomass term [X] in Eqn (5) is necessary to

fully describe the ureolysis rate with variable cell concen-

trations. In the cell concentration range of 1 9 107–
2 9 108 CFU ml�1, ureolysis was linearly dependent

upon cell concentration, although at very high cell con-

centrations, such as in a biofilm, saturation kinetics with

respect to cell concentration might be observed. Further

investigations into the differences between suspended and

biofilm kinetics are necessary, as biofilm mediated MICP

is a growing focus for applications of MICP (Decho

2010; Cuthbert et al. 2012; Cunningham et al. 2013).

In urease enzyme kinetic analyses, the enzyme concen-

tration can be compared to whole cell ureolysis by
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assuming a constant urease concentration per cell. Kra-

jewska presents a summary of kinetic parameters for ur-

eases, in which the purified urease of S. pasteurii is

reported to have a maximum activity of 2�5 mol urea

(g-enzyme min)�1 (Benini et al. 1996) and optimal pH

of 8�0 (Krajewska 2009). We can assume an intracellular

urease concentration of 1% cell dry weight (Bachmeier

et al. 2002) and the mass of a cell is approx. 3*10�13 g

dry weight (Madigan et al. 2003) to estimate a maxi-

mum activity per gram urease in whole cells of S. paste-

urii. These calculations result in an estimated Vmax of

35�6 mol urea (g-enzyme min)�1 for whole cells. This is

an order of magnitude higher than the measured Vmax

for the purified enzyme from S. pasteurii of 2�5 mol

urea (g-enzyme min)�1 (Krajewska 2009). This higher

affinity inside whole cells may be a result of optimized

conditions (pH, co-factors, etc.) for the urease enzyme

within the cell compared to the purified enzyme in solu-

tion.

The results of the pH dependent kinetic experiments

suggest that the rate of ureolysis by S. pasteurii in our

batch system is not strongly pH dependent within the

range of pH 6–9, and only a slight pH dependence is

observed in the pH range 5–10. The fitted values of

Kes,1 and Kes,2 used in Fig. 6 represent the best fit with

nonlinear least squares that could be achieved using

the commonly used Michaelis–Menten approach

(Eqn (7)). The characteristic parabolic shape of the pH

dependent model is dictated by the pH dependent term

in the denominator of Eqn (7). Optimizing Kes,1 and

Kes,2 in this equation while maintaining reasonable val-

ues for Vmax and Km merely succeeds in shifting the

maximum pH.

It was determined that this pH dependent rate equa-

tion is not a correct form to use in modelling ureolysis

by S. pasteurii whole cells. Conceptually, these results

indicate that urease kinetics in whole cell preparations

have a reduced pH dependency compared to free-ureases.

The lack of pH dependence of the ureolysis rate in whole

cells of S. pasteurii suggests that the internal cell pH is

regulated which allows for maintenance of the enzyme

activity in a wider range of solution pH values.

Ureolysis by whole cells of S. pasteurii was not notice-

ably inhibited by NHþ
4 in the concentration range rele-

vant to ureolytic MICP. Thus, a rate model neglecting

the influence of NHþ
4 and pH can be used to predict ure-

olysis rates at the tested urea and cell concentrations. The

results presented here indicate that cell concentration is

an important parameter in ureolysis kinetics and must be

considered in modelling studies and when controlling

MICP technologies by injection of cells or stimulation of

cell growth to increase ureolysis rates. Overall, this work

provides insight into important parameters for scale-up

and technology development of ureolytic MICP applica-

tions. Future work will include investigating kinetics of

ureolysis in biofilms and the influence of calcium on ure-

olysis rate, where precipitation on or near the bacterial

cells may influence ureolysis.
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rates normalized to CFU, which was calculated from a
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