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a b s t r a c t

Ureases are enzymes highly desirable in immobilized form for a number of applications that exploit
urea cleavage and an increase in pH, inherent to the reaction. Major among them are medical and ana-
lytical applications, but there have emerged new biotechnological and engineering areas, proving that
there exists a growing demand for robust reliable immobilized urease preparations with defined prop-
erties. These can be assured by immobilizing the enzymes. By creating disturbance in the original state
of enzymes, immobilizations inevitably change enzyme properties, enabling them to be customized for
specific applications. In this context, this article offers a review of reports on immobilizations of ureases
covering the last two decades. It surveys the immobilization techniques and support materials applied, in
addition to the resulting properties of the enzymes. In this manner it attempts to provide useful guidance
through the wealth of available immobilization data in the literature, but more importantly, to develop
an integrated perspective on how to customize ureases for their applications, which may help establish
rational immobilization procedures in place of tedious experimental optimization.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Owing to their unparalleled catalytic properties, foremost
mong them being catalytic efficiency, specificity and mild condi-
ions of operation, further to their biodegradability and derivation
rom renewable resources, enzymes have become desirable cat-

lysts, whose utilization has emerged as one of chief strategies
rought forward in the present-day drive towards more eco-
riendly and energy- and material-saving chemical processes [1–3].
he broader use of enzymes, however, their advantages compared
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to conventional chemical catalysts notwithstanding, is constrained
by a number of practical problems. In addition to the high cost
of enzyme isolation and purification, the prime problem is their
inherent fragility to environmental conditions other than their
individual optimal ones. These include particularly temperature,
pH and sensitivity to inhibitors, all of them capable of triggering
enzyme dysfunction. This results in limited operational lifetime of
enzymes, and besides, difficult or not at all feasible is their recovery
in the active form after the process for reuse [1,4–6].

One way to overcome these constraints, arguably commonest

and most successful, is immobilization of enzymes [1,4–6]. The
immobilization consists of converting enzymes into insoluble form,
most frequently by fixing them to or within solid supports, as
a result of which heterogeneous enzyme systems are obtained,

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:krajewsk@chemia.uj.edu.pl
dx.doi.org/10.1016/j.molcatb.2009.01.004
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here structures of enzymes, hence their activities, are stabilized.
qually important in immobilization is that the heterogeneity of
he systems allows them to be easily recovered separately from the
roduct, and repeatedly reused. Possible are also continuous oper-
tion of enzymatic processes, their rapid termination and a greater
ariety of engineering designs.

Importantly, being an intrusion, immobilizations inevitably cre-
te disturbance of the original state of enzymes, thereby leading to
lterations of their properties. Remarkably, this has opened the way
or customizing enzyme properties for their specific applications.

Immobilizations of a great variety of enzymes have been stud-
ed for the application in diverse analytical, medical, industrial and
iotechnological processes, and to date, several processes have been

mplemented on a larger scale, mainly in the food industry and in
he manufacture of fine specialty chemicals and pharmaceuticals
1,5].

Among enzymes most extensively studied for immobilizations
nd practical applications are ureases. This is because of the sig-
ificance of the processes in which ureases take part and of their
ossible exploitation in practical applications. The former, along
ith the kinetic and catalytic properties of the enzymes, were

eviewed in a preceding article [7].
This article offers a review of reports on immobilizations of ure-

ses covering the last two decades. It surveys the immobilization
echniques and support materials applied, in addition to the result-
ng properties of the enzymes. In this manner it attempts to provide
seful guidance through the wealth of available urease immobi-

ization data in the literature, but more importantly, to develop
n integrated perspective on how to customize ureases for their
pecific applications.

. Immobilization of enzymes

Diverse enzyme immobilization techniques have been devel-
ped [1,4–6]. Their traditional classification is into chemical and
hysical ones, though very frequently their combinations or
arious follow-up treatments are applied [6]. To the chemical
echniques belong: (i) covalent attachment to solid supports, and
ii) crosslinking with multifunctional, low molecular reagents, also
ometimes performed with the addition of neutral compounds
co-crosslinking). By contrast, the physical techniques include: (i)
dsorption on solid supports, (ii) gel entrapment, (iii) microen-
apsulation with solid or liquid membranes, (iv) containment in
embrane reactors, (v) formation of Langmuir–Blodgett films, and

vi) layer-by-layer assembling. The choice of materials to be used
n these techniques is practically unlimited, and include organic
nd inorganic, natural and synthetic materials, that may be con-
gured as (micro-, nano-)beads, membranes, fibers, hollow fibers,
micro-)capsules, sponges to best suite a chosen biotransformation
n a chosen bioreactor.

On the whole, to immobilize an enzyme is not a difficult task,
ut to obtain an enzyme with desired properties is a complex
hallenge. This is because, regrettably, there are no universal proto-
ols how to immobilize enzymes and how to exactly predict their
esulting properties. The following general guidelines, however, are
orth taking into consideration [1,4,5,216]. First, each immobiliza-

ion technique has its singular features. For instance adsorption is
imple, cheap and effective, but very frequently reversible. Con-
ersely, covalent attachment and crosslinking are effective and
urable, but costly and easily lowering the enzyme activity. In
embrane-confinement, entrapment and microencapsulation on
he other hand, an important contribution to the overall enzyme
erformance is brought in by diffusional restrictions imposed on
ubstrates and products of the reaction. Second, in choosing the
upport material the following material characteristics should be
aken into account: high affinity to proteins, availability of reactive
sis B: Enzymatic 59 (2009) 22–40 23

functional groups for direct reaction with enzymes or for chem-
ical modifications, mechanical stability, regenerability and ease of
preparation in different geometrical configurations that would pro-
vide the system with surface areas and permeabilities suitable for
a chosen reaction. Third, understandably, the choice of support
material should be correlated with the chosen application of the
enzyme system. For instance, for food, pharmaceutical, medical
and agricultural applications, nontoxicity and/or biocompatibility
of the material are required. Besides, in response to the growing
public health and environmental awareness, the material should
be biodegradable, and to prove economical, inexpensive. Fourth,
always, though to various degrees, the immobilization alters the
properties of enzymes [1,5,8,105,106,217]. For the most cases the
enzyme activity is lowered and its Michaelis constant increased.
These alterations are a combined effect of a number of factors. One
is brought about by structural changes in the enzyme occurring as a
result of its binding, the other ones resulting from the heterogeneity
of the system. These include creation of a microenvironment differ-
ent from the bulk solution, strongly depending on the properties of
the support (electric charge, hydrophobicity, etc.), the reaction itself
(ions, pH change, etc.) and on the design of the reactor, in addi-
tion to inevitable mass transfer limitations. Effectively, it is both
the enzyme and the support, and the interaction between the two
that impart the system with specific physico-chemical and kinetic
properties responsible for its operational performance.

In consequence, practically as a rule, immobilization procedures
that would assure the desired properties to a chosen bio-system for
a chosen application, are established through experimental opti-
mization. For the efficacy of the immobilization procedure to be
assessed, enzyme activity retention, alternatively protein immobi-
lization yield, should be determined. By contrast, for the enzyme
system to be characterized, the following properties are relevant:
specific activity, the Michaelis constant KM, the optimum pH and
temperature, and the activation energy, the last four properties typ-
ically compared to the free enzyme. Obviously, a major emphasis in
practical applications is on the stability of the enzyme. This includes
thermal and storage stabilities, also compared to the free enzyme,
in addition to operational stability and reusability.

3. Ureases and their applications

Ureases (urea amidohydrolases, EC 3.5.1.5) are a group of highly
proficient enzymes, widely distributed in nature, whose catalytic
function is to catalyze the hydrolysis of urea to carbonic acid and
ammonia as final products:

H2N–CO–NH2 + 2H2O
urease−−−−→ H2CO3 + 2NH3

The products and the resulting increase in pH of the reaction
environment that can reach pH up to 9.2, are consequential char-
acteristics of the action of ureases [7]. Apart from its natural
significance, ureases-catalyzed hydrolysis of urea is important
in that it offers potential in practical applications. The most
typical examples of such applications, where immobilized ure-
ases are preferably used in place of free enzymes, are presented
below.

3.1. Urea removal from aqueous solutions

The removal of urea from aqueous solutions is a problem faced in
numerous areas, examples being urea-producing industry, agricul-

ture and natural environment, food production and medicine. In the
former, the weight of the problem derives from the fact that the pro-
duction of urea has now reached the level of ca. 1 × 108 tons per year
worldwide, more than 90% of which, for the use as a fertlizer. In the
production, urea-containing (0.2–2%) wastes mainly result from the



2 Catal

u
B
t
m
a
e
e
r
t
o
i
d
i
s
t

w
d
a
a
m
t
i
b
c
i
t
t
l

c
e
b
f
t

s
p
e
t
v
i
i
a
I
r
i
c
p
m
m
t
w
o
f
a
n
v
w
l
r
h
a
o
T
d

4 B. Krajewska / Journal of Molecular

rea purification and recovery process that follows the synthesis.
efore discharging into the environment, the wastes need to have
heir urea content reduced to less than 0.006% [218]. In the environ-

ent, urea also comes from other industries that utilize urea, as well
s from fertilized crop-planted soils as fertlizer wastewater efflu-
nts, also as effluents from households, but primarily from urine
xcretion by animals. The reported urea concentrations in the envi-
onment are in the micromolar range up to 70 �M for fertilized soils,
hese comparatively low values being a resultant of the rapid action
f ureases [228]. Although urea has generally low ecotoxicity, the
ndirect long-term impact of its excessive levels in nature may be
etrimental in causing eutrophication and groundwater pollution,

n addition to the effects of ammonia resulting from urea hydroly-
is, including toxicity, alkalinity and emissions to air [7,20], hence
he importance of efficient urea removal modes.

Urea is a polar non-ionic compound, highly soluble and stable in
ater, showing little affinity to common sorbents [9], on the whole
ifficult to be removed from aqueous solutions. Industrially utilized
re removal methods based on urea hydrolysis (nonenzymatic)
nd on biological conversion of urea nitrogen to dinitrogen. The
ethods, however, have drawbacks. The former requires elevated

emperatures and pressures in addition to complex technological
nstallations, and the latter suffers from instabilities of the microbial
ed, both methods having high operation costs [218]. Medically by
ontrast, utilized is the removal method based on dialysis, exploited
n the artificial kidney (see below). Other urea removal methods
hat include catalytic and electrochemical decompositions, oxida-
ion with strong oxidants and adsorption, are presently only under
aboratory investigations [218].

In this context, a removal mode based on the hydrolysis of urea
atalyzed by urease is an attractive alternative. The mode has been
xamined for a number of applications, detoxification of blood
eing arguably a major one. The detoxification is a process done
or clearing the blood of uraemic toxins, where blood urea concen-
ration is typically reduced from 20–50 mM to less than 10 mM [28].

The underlying concept of this application derives from the
earch for blood detoxification techniques that could both sim-
lify the artificial kidney machine and reduce its size, making it
ventually portable/wearable [10]. Overwhelmingly used in the
reatment of renal diseases and effective though they are, the con-
entional artificial kidneys based on haemodialysis are costly and
nconvenient machines, difficult to handle and also largely limit-
ng the mobility of the patient. In addition, they require as much
s 100–300 l of dialysate solution per treatment, normally spent.
nvestigations into the application of urease as the basis for urea
emoval from the blood were initiated by Chang in 1964, with the
nvention of artificial cells [11] (updated review in Ref. [12]). In the
ells urease was encapsulated within an ultra-thin, nontoxic, semi-
ermeable membrane, which permitted the free diffusion of low
olecular compounds (urea, ammonia) effectively retaining high
olecular compounds. The cells were further developed to con-

ain sorbents/ion exchangers to catch ammonium ions, and they
ere tried in extracorporeal haemoperfusion systems [13] and in

ral therapies [14]. Though promising, their performance suffered
rom various physiological side effects, such as thromboembolism
nd platelet adhesion in the former, and indigestion, nausea and
egative calcium balance in the latter. One alternative to circum-
ent these problems is the conventional haemodialysis associated
ith a dialysate regeneration system [15,16]. The system is a closed-

oop unit through which the same small amount of dialysate is
ecirculated and cleared of the uraemic toxins. Urea is removed by

ydrolyzing it with immobilized urease, the resulting ammonium
nd carbonate ions being caught by ion exchangers, whereas the
ther toxins are eliminated by adsorption on activated charcoal.
he commercialized dialysate regeneration systems require 5 l of
ialysate or less.
ysis B: Enzymatic 59 (2009) 22–40

Another medical application of urease-hydrolysis of urea for its
removal is in preparing urine for diagnosis of inborn metabolic
errors [17]. The proposed procedure based on the simultaneous
GC–MS analysis of amino acids, organic acids, sugars, sugar alco-
hols, sugar acids and nucleic acid bases in the pretreated urine was
found capable of defining a large number of metabolic disorders,
and these if found in newborns are effective for prevention or sig-
nificant reduction of clinical conditions such as mental retardation.

Effectively, the hydrolysis of urea can be applied for removal
of urea under any circumstances. One instance is the construction
of a closed-loop environmental life-support system to be used for
water reclamation aboard manned spacecraft, crucial especially for
long duration flights or space stations [18]. Other instances include
the removal of urea from industrial wastewaters, where the prod-
uct ammonia can be recovered by air or stream stripping or by ion
exchange [19], as well as the removal from fertilizer wastewater
effluents.

In the food and beverage production area, a remarkable example
of commercialized processes is the removal of urea from alcoholic
beverages performed with use of acid ureases. These ureases, unlike
the neutral ones, are known to have the optimum activity at acidic
pHs [21–27]. Alcoholic beverages have comparatively low pHs, for
example pH of sake is 4.4, that of wine is 3.2 [26]. This is why acid
ureases meet the conditions of the process, whereas neutral ure-
ases do not, which is on account of their too low activity at this
pH range. This removal of urea is done to prevent the formation
of ethyl carbamate, known to be carcinogenic, from the reaction of
urea and ethanol taking place during alcohol manufacturing and
preservation.

3.2. Analytical applications of urease

The foremost analytical application of urease is for quantifi-
cation of urea in aqueous solutions [20]. Even though the major
interest has been on its medical application, there is a growing
demand for sound, reliable, and fast urea analytical procedures in
other areas, such as environmental, food and industrial.

In medical application, urea is mainly analyzed in blood and
urine. Apart from being crucial as an indicator of liver and kidney
function, the blood urea test is also used as a marker for quan-
tification and monitoring of haemodialysis treatment. By contrast,
in food analysis, urea is routinely quantified for instance in cow’s
milk and in alcoholic beverages [20]. In the former analysis, as
the prime component of non-protein nitrogen in milk, the level
of urea (typically 3–6 mM) is utilized as an indicator of protein-
feeding efficiency. This, if improved, may help significantly enhance
the economy of milk production and of animal husbandry [20,219].
The assay is also used for detecting urea adulteration in milk [220].
In the latter analysis on the other hand, control of urea level in
alcoholic beverages is necessary to minimize the reaction of urea
with ethanol, generating carcinogenic ethyl carbamate [20]. Fur-
thermore, in environmental and industrial contexts, the necessity
of urea quantification in waste- and natural waters is consequent
on the production and wide use of urea-fertilizers, in addition to
the use of urea in chemical industry. This includes the manufacture
of resins, glues, solvents, medicines and cleaning products (liquid
soaps, detergents). Urea has also been extensively used in the treat-
ment of dry skin, both therapeutically and in cosmetics [20].

Compared to direct urea quantification procedures, such as
diacetyl monoxime reaction, the indirect ones that make use of
urease, are beneficial in that they eliminate the taxing application

and disposal of noxious reagents [20]. In these procedures, urea
is determined either by measuring the products of its hydrolysis
or the effects brought about by the reaction, i.e. the increase in
pH or in conductivity of the solution. Whereas ammonia can be
determined colorimetrically by indophenol [29] or Nesslerization
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bSpecific activity is given in U/mg protein, where U stands for �mol NH3/min, unless otherwise stated.
cGlutaraldehyde.
dRemaining activity.
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ethod, potentiometrically with use of ammonium ion-selective
lectrodes [30], enzymatically with use of glutamate dehydroge-
ase or horseradish peroxidase, in addition to simple titration,
arbon dioxide can be determined with use of 13C or 14C labeled
rea [31] or with carbon dioxide gas-selective electrodes. Mea-
urements of pH [32] and of conductivity [33] are also applied.
hese biosensing systems commonly operating with soluble ure-
se, become overwhelmingly simplified if changed into biosensors,
here the enzyme is integrated with a transducer [34–36]. The

ntegration is achieved by immobilizing the enzyme directly on
ransducer’s working tip or in/on a membrane tightly wrapping
t up. Since the first urea biosensor prepared by Guilbault et al.
n 1969 [37,38], a great number of urease-based biosensors have
een constructed and tested [220]. They employ techniques, such
s spectrometry [39,40], potentiometry with the application of
H-sensitive electrodes, ammonium ion selective electrods and
mmmonium ion-sensitive field effect transistors [41–46], conduc-
ometry [28,47,48], amperometry [49,50], as well as acoustic [51]
nd thermal [52] methods, to name the few. Practical, cost-effective
nd portable analytical devices, especially useful for in situ and real-
ime measurements, the biosensors are predicted to become widely
ccepted for use, once their storage and operational stabilities are
mproved.

The same promising features have urease-based biosensors
nd biosensing systems for the analysis of substances that act as
nhibitors of the enzyme [53,54]. The measurements are based
n the amount of inhibition provoked by the inhibitors, and they
xploit enzyme sensitivity to sometimes infinitesimal concentra-
ions of some inhibitors. Such biosensors offer enormous potential
or measurements of trace levels of pollutants in environmental
creening and monitoring, food control and in biomedical analysis.
ue to its pronounced sensitivity, urease is especially disposed for

he determination of heavy metal ions [55–57], Hg ions in particular
58]. Yet, in addition to the stability problems, the inhibition-based
iosensors also suffer from the lack of selectivity in real samples
59]. This, however, has been proposed to be solved by develop-
ng hybrid systems of enzymes showing different sensitivities to
ifferent inhibitors [60,61].

.3. Urease-aided mineralization processes

Comparatively new, urease-aided mineralization processes take
dvantage of the supply of dissolved inorganic carbon derived from
rea hydrolysis and of an increase in pH generated by the reac-
ion [62]. The latter, in the presence of calcium(II) ions in the
eaction medium, induces the precipitation of calcium carbon-
te. The processes mimic calcium carbonate formation occurring
n nature, where beside photosynthesis and sulphate reduction,
acterial urease-catalyzed hydrolysis of urea is believed to play
vital role [62]. Compared to the typical techniques of prepara-

ive solid-state chemistry, the biomineralization processes usually
ccur at room temperature and under mild conditions. Their appli-
ation derives from the increasing demand for the preparation
f advanced carbonate materials in an environmentally benign
anner. Interestingly, the formation of different amounts and dif-

erent polymorphic phases of calcium carbonate (calcite, aragonite,
aterite) have been reported depending on the type of urease and
eaction conditions used [63,64]. In addition to preparing advanced
arbonate materials, bio-induced precipitation of CaCO3 has been
roposed for a number of novel biotechnological applications.
ne is a solid-phase capture of excess soluble Ca2+, radionuclide

nd trace element contaminants, utilized in cleaning waste- and
roundwaters [65–67]. Another exciting application is as micro-
ial sealants for plugging surface cracks and fissures in buildings
68,69], notably in restoration of historic monuments [70] for reme-
iation of their surfaces and structures. The remediation consists of
ysis B: Enzymatic 59 (2009) 22–40

in situ carbonate precipitation upon filling the site to be plugged,
with a reaction mixture containing urea, urease and Ca(II) ions. A
similar carbonate plugging is also applied in oil reservoirs. There,
its function is to prevent sand transportation during oil produc-
tion from unconsolidated reservoir formations as well as to reduce
permeability of porous areas of the reservoirs done to improve
secondary oil recovery [221,222]. Apart from calcium carbonate,
in a similar urease-aided biomimetic manner also other inorganic
materials have been prepared, including aluminium hydroxide [71],
aluminium basic sulfate [72], hydrotalcite [73], hydroxyapatite pre-
cursors [74] and hydroxyapatite-like phases, these to be used for
bone regeneration [229].

3.4. Other applications of immobilized ureases

In addition to the presented applications of ureases, the enzymes
are also immobilized for other purposes. For instance certain
urease-entrapped gels are studied as smart materials having
enzyme reaction-regulated properties. Owing to the controlled
hydrolysis of urea the gels are capable of converting biochemical
energy into mechanical work through swelling and shrinking. Ure-
ases are also immobilized on selected soil materials in order to gain
insights into behaviour and properties of soil urease. In the same
agricultural context adsorption of urease on selected materials is
tested as a possible means of reducing the activity of soil urease.
Also, various multi-enzyme immobilizations are performed mainly
for analytical purposes. The immobilizations are included in the
compilation in Table 1.

4. Immobilizations of ureases

Table 1 compiles reports on immobilizations of ureases covering
the last two decades, with few earlier reports found important. The
compilation was prepared with the intention to survey the range
of techniques and support materials applied for urease immobi-
lizations, but first and foremost to collect the properties of the
enzymes resulting from the chosen immobilization procedures.
This was done in the hope that it may provide useful guidance
through the wealth of data available in the literature, but more
importantly to develop an integrated perspective on how to cus-
tomize the enzymes for their specific applications. The number
of reports collected implies that there is an ongoing vivid search
for such customized ureases, and they can play a decisive role in
advancing their applications.
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[39] A. Radomska, S. Głąb, R. Koncki, Analyst 126 (2001) 1564–1567.
[40] M. Mascini, Sens. Actuators B 29 (1995) 121–125.
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131–140.
[85] F. Ayhan, A.Y. Rad, H. Ayhan, J. Biomed. Mater. Res. B 64 (2003) 13–18.
[86] A. Gambhir, A. Kumar, B.D. Malhotra, B. Miksa, S. Słomkowski, e-Polymers

(2002) 052.
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[137] Y.M. Elçin, M. Saçak, J. Chem. Technol. Biotechnol. 63 (1995) 174–178.
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