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Abstract
A possibility of efficient urease adsorption on silicalite for the purpose of biosensor creation was investigated. The
procedure of urease adsorption on silicalite is notable for such advantages as simple and fast performance and non-
use of toxic or auxiliary compounds. Optimal conditions for modifying transducer surfaces with silicalite and subse-
quent urease adsorption on these surfaces were selected. The working parameters of the created biosensor were op-
timized. The developed biosensor with adsorbed urease was characterized by good intra-reproducibility (RSD –
4.5 %), improved inter-reproducibility (RSD of urea determination is 9%) and operational stability (less than 10%
loss of activity after 10 days). Besides, the developed method for enzyme adsorption on silicalite was compared with
the traditional methods of urease immobilization in biosensorics. Working conditions of the produced biosensor
(pH and ionic strength) were shown to be close to those of the biosensor based on urease immobilized in GA
vapor. For these reasons, it was concluded that the method of enzyme adsorption on silicalite is well-suited for bio-
sensor standardization aimed at its further manufacture.
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1 Introduction

Immobilization of biological material onto the surface of
a transducer is a key stage in biosensor development [1].
Thus, the methods of immobilization were intensively de-
veloped simultaneously with biosensorics. At present,
there are several requirements for immobilization meth-
ods used for biosensor creation: the method should be
easy to use; it should provide efficient and stable immobi-
lization of biomaterial onto the transducer surface; it
should not involve extreme environmental conditions and
toxic reagents (this is important for the retention of bio-
material activity). Furthermore, chemical inertness of the
host structure, access to biomaterial after immobilization
and high reproducibility during wide-scale production are
also important [2,3].

All these requirements are especially important for
mass industrial manufacture of biosensors. However,
quite often they are not completely fulfilled in laborato-
ries elaborating biosensors. Therefore, though researches
in the field of biosensorics exist for decades, the improve-
ment of methods of biomaterial immobilization is still an
actual challenge [1].

The oldest and the simplest method of enzyme immobi-
lization is physical adsorption on a certain carrier. Usual-
ly enzyme adsorption implies neither additional chemical
reagents nor activation; therefore, this is the least dena-
turing method of immobilization, which provides good re-
tention of the enzyme activity. Besides, adsorption is com-
mercially attractive due to lower cost of its performing as
compared with other immobilization methods. An actual
disadvantage of adsorption is a need in large amount of
enzyme and gradual washing-out of the enzyme into
working solution [4–6].

A perspective approach in the improvement of adsorp-
tion is synthesis of artificial adsorbents, nanoparticles in
particular, which are promising enzyme carriers. Further-
more, they can be physically or chemically modified
which opens up a wide range of possibilities in the elabo-
ration of artificial adsorbents. One of these particles, sili-
calite, a porous all silica crystal having two inter-connect-
ed channel systems, was chosen for the present work. In
literature, silicalite has been reported as an adsorbent
while adsorbing lipase and BSA [7,8]. However, these
works were not related to biosensorics. Therefore, in pre-
vious work we have made an attempt to adsorb urease on
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silicalite and showed that it can be rather perspective for
the biosensor creation [9]. Thus, the goal of current work
was to prove an efficiency of this method. In particular,
optimal conditions for urease adsorption were selected
and the results were compared with those obtained by
other methods of enzyme immobilization. Urease was
chosen as a model enzyme since it is one of the most
studied enzymes in biosensorics, and biosensors based on
this enzyme are widely applied in medicine and potential-
ly can be used in agro-food chemistry and environmental
monitoring [6,10].

2 Experimental

2.1 Materials

In the work, enzyme urease (EC 3.5.1.5), activity 66.3 U/
mg, was from Fluka (Switzerland); glycerol, bovine serum
albumin (BSA, fraction V), 50 % aqueous solution of glu-
taraldehyde (GA), and urea were from Sigma-Aldrich
Chemie (Germany). Potassium-phosphate buffer
(KH2PO4-Na2HPO4) was of domestic production. Other
inorganic substances were of analytical grade.

Silicalite was synthesized in the Middle-East Technical
University (Ankara, Turkey) from a gel with composition
TPAOH :5 TEOS :500 H2O. Tetraethylorthosilicate
(TEOS, 95%) was used as the silica source. Tetrapropy-
lammoniumhydroxide (TPAOH, 25%) was used as a tem-
plate. Mixture was continuously stirred for 6 h at room
temperature, and then resulting gel was placed in oven
for 18 h at 125 8C. Resulting solid particles were centri-
fuged at 13,000 rpm, washed with deionized water and
dried at 80 8C. The SEM (scanning electron microscope)
image of synthesized silicalite depicted in Figure 1 shows
that the prepared silicalite particles have size about 0.6–
0.8 mm.

2.2 Conductometric Transducers

The conductometric transducers were manufactured in V.
Lashkaryov Institute of Semiconductor Physics of Nation-
al Academy of Science of Ukraine (Kyiv, Ukraine) in ac-
cordance with our recommendations. They were 5 mm �
30 mm in size and consisted of two identical pairs of gold
inter-digitated electrodes deposited onto a ceramic sup-
port. The dimensions of sensitive area of each electrode
pair were about 1.0� 1.5 mm. The width of both each
inter-digital space and each digit was 20 mm. General
view of the conductometric transducer and scheme of the
measuring device were presented in the earlier publica-
tion [11].

2.3 Dip-Coating of Silicalite onto Transducers

A silicalite layer was formed on the surface of transducer
by dip-coating. In our procedure 10% (w/w) silicalite so-
lution in 5 mM phosphate buffer at pH 6.5 was used. Con-
stant amount (0.165 ml) of silicalite solution was deposited

in the active zone of each pair of electrodes, and then the
transducer was heated for 6 min to 200 8S. This tempera-
ture did not influence the transducer working parameters.
The procedure resulted in formation of silicalite layer in
the electrodes active zones (Figure 2).

2.4 Preparation of Bioselective Elements

Bioselective elements were obtained as a result of urease
adsorption on silicalite. To evaluate this method, a com-
parison with other methods of urease immobilization (im-
mobilization in vapor and liquid glutaraldehyde, adsorp-

Fig. 1. Scanning electron microscope image of silicalite.

Fig. 2. Active region of conductometric inter-digitated electro-
des, coated with silicalite (SEM image).
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tion on nitrocellulose, photopolymerization in PVA/SbQ
polymer) was made. The same amounts of enzyme were
immobilized on transducers during all these procedures
to provide consistent assessment.

2.4.1 Urease Adsorption on Silicalite

To prepare bioselective element by urease adsorption on
silicalite we used the transducer previously coated with
silicalite (see Section 2.3). Constant amount (0.15 mL) of
5 % urease solution in 20 mM phosphate buffer, pH 6.5,
was deposited onto one pair of electrodes while the same
amount of 5% BSA in analogous buffer – onto the other
(reference) pair of electrodes; then the transducer under-
went complete air-drying (17 min at room temperature).
Neither glutaraldehyde nor other auxiliary compounds
were used. Next, the transducers were submerged into
the working buffer for 10–15 min to wash off the un-
bounded enzyme. After the experiments, surfaces of
transducers were cleaned from silicalite and adsorbed
urease using ethanol-wetted cotton.

2.4.2 Urease Immobilization in GA Vapor

Another procedure was urease immobilization in saturat-
ed GA vapor [12]. In this case, to produce bioselective
membranes, the solution of 5% urease, 5 % BSA and
10% glycerol in 20 mM phosphate buffer, pH 6.5, was
used. The solution for reference membrane was prepared
in the same way, except that urease was replaced by
BSA. After deposition of both solutions (0.15 mL each)
onto the working surfaces of conductometric transducers,
the latter were placed in saturated GA vapor for 30–
35 min and then dried for 15 min in the air at room tem-
perature. Next, the transducers were submerged into the
working buffer for 20–30 min to wash off the unbounded
enzyme and GA excess.

2.4.3 Urease Immobilization in GA Drop

To prepare working membranes by immobilization in GA
drop, the solution of urease (10 %) and BSA (10 %) in 20
mM phosphate buffer, pH 6.5, mixed with 20 % (w/w)
glycerol was used. The mixture for reference membrane
was prepared in analogous way, except that urease was
replaced by BSA (20 %). Prior to deposition onto a sur-
face of transducer, both solutions were mixed with 2 %
(w/w) aqueous solution of glutaraldehyde at ratio 1 : 1.
Immediately after this we coated the working surfaces of
conductometric inter-digitated electrodes with the pre-
pared mixture (0.15 mL for each) and dried for 45 min in
the air at room temperature. Dry membranes were sub-
merged in the working buffer for 30 min to wash-out the
unbounded enzyme and GA excess.

2.4.4 Urease Adsorption on Nitrocellulose

The method of urease adsorption on nitrocellulose was
elaborated and described in detail in [13]. For our experi-
ments, the concentration of nitrocellulose in source solu-
tion was taken 1 % instead of 5 % as in [13], since at 5 %
concentration substantial decrease in transducer�s sensi-
tivity was observed. After modifying surface of transducer
with nitrocellulose, on one pair of electrodes we put
0.15 mL of enzyme solution (5 % urease in 20 mM phos-
phate buffer, pH 6.5); on another – 0.15 mL of reference
solution (5 % BSA in 20 mM phosphate buffer, pH 6.5).
Next, the transducers were dried and washed in working
buffer.

2.4.5 Urease Photopolymerization in PVA/SbQ

Immobilization of urease by photopolymerization in
PVA/SbQ was conducted in accordance with the proce-
dure presented in [14]. To form the bioselective mem-
brane one electrode pair was drop-coated with 0.3 ml of
5 mM PBS, pH 6.5, which contained 2.5 % of urease, 25 %
of PVA/SbQ, and 10 % of glycerol, while another (refer-
ence) electrode pair – with 0.3 mL of the same solution
with 2.5 % of BSA instead of urease. Then, for membrane
formation the transducer was exposed to irradiation with
UV lamp KF-4 M (Ukraine) for 30 min.

2.5 Measurement Procedure

Measurements were carried out at room temperature in
5 mM phosphate buffer solution, pH 6.5, continuously
stirred in an open 2 mL cell. The substrate concentrations
in the cell were varied by adding different aliquots of the
stock solution. All experiments were repeated in tripli-
cate. The data in the figures were either mean of three re-
peated results of the experiment or mean� standard devi-
ation (SD). The nonspecific changes in the output signal
induced by the fluctuations of temperature, medium pH,
etc. were avoided due to usage of differential mode of
measurement.

3 Results and Discussion

3.1 Adjustment of Silicalite Amount on Transducer

At the first stage, it was necessary to determine the opti-
mal (for enzyme adsorption) amount of silicalite on the
surface of transducer. For this purpose, we serially repeat-
ed the procedure of dip-coating the transducer with silica-
lite (5 % w/w in PBS) several times and then adsorbed
urease for 17 min. Dependence of biosensor responses on
silicalite amount is shown in Figure 3. As seen, double
dip-coating resulted in considerably higher activity of bio-
selective element compared to single procedure, however
further repeat of dip-coating gave no appreciable effect.
Therefore, in subsequent experiments, urease was ad-
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sorbed on the transducers double dip-coated with silica-
lite.

3.2 Optimal Time of Urease Adsorption

At the next stage, the time of urease immobilization on
silicalite was optimized because we supposed considera-
ble dependence of efficiency of adsorption on its dura-
tion. The adsorption efficiency we evaluated by the value
of biosensor responses. It was strange to reveal that
within the range of adsorption time of 5–30 min the re-
sponses were of about the same value (Figure 4), so
17 min was accepted as an optimal value since during this
time an enzyme-containing drop deposited on the trans-
ducer becomes completely dry.

3.3 Dependence of Biosensor Characteristics on Solution
Properties

Solution properties such as pH, ionic strength, buffer ca-
pacity etc. strongly influence the biosensor work. For ex-
ample, it is known that optimal pH of the enzyme
changes depending on the immobilization procedure.
That is why we studied dependence of responses of the
biosensor, based on adsorbed urease, on pH of working
solution and compared the results with the biosensor
based on urease immobilized in GA vapor (Figure 5). In
this experiment a universal buffer with equal buffer ca-
pacity in a wide range of pH values was used. This buffer
was composed of tris-HCl, monopotassium phosphate,
citric acid and sodium tetraborate (5 mM each). pH-opti-
mum of Fluka urease is known to be close to 7. Working
pH-optimum of the biosensor based on adsorbed urease
is 6.0 (curve 1), while for the biosensor based on cova-
lently bound urease it is 5.5 (curve 2). However, the re-
sponse-pH dependences are alike for both methods

tested. In further work we used the pH 6.5 (instead of op-
timal pH 6.0) because this pH is closer to the pH value of
real samples (blood pH is 7.4).

It is known that the response of conductometric biosen-
sor considerably depends on ionic strength of the solu-
tion, in which the response is measured. This is why when
new conductometric biosensors are developed, an effect
of medium ionic strength (or buffer capacity) on biosen-
sor response is usually shown. With this approach, an in-
fluence of ionic strength (KCl concentration) on the
value of responses of the biosensor based on adsorbed
urease was also studied and compared with that for the
biosensor based on urease immobilized in GA vapor. The

Fig. 3. Dependence of biosensor responses on the number of
silicalite dip-coatings of the transducer. Measurements were con-
ducted in 5 mM phosphate buffer, pH 6.5, urea concentration
was 2 mM.

Fig. 4. Dependence of biosensor responses on time of urease
adsorption. Measurements were conducted in 5 mM phosphate
buffer, pH 6.5, urea concentration was 2 mM.

Fig. 5. Dependence of responses of biosensors based on urease,
adsorbed on silicalite (1), and immobilized in GA vapor (2), on
pH of working buffer solution. Measurements were conducted in
2.5 mM polymix buffer at room temperature, urea concentration
was 2 mM.
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responses of both types of biosensors decreased signifi-
cantly while increasing ionic strength, i.e. at 50 mM con-
centration of KCl, biosensor responses (to a saturating
concentration of substrate) decreased to 20% in compari-
son with the same responses without KCl. Thus, it is nec-
essary to control ionic strength in order to decrease the
measurement error while working with real samples.

3.4 Comparison of Urease Adsorption on Silicalite with
other Methods of Immobilization

At the next stage, an efficiency of urease adsorption on
silicalite was compared with other methods of urease im-
mobilization (given in Section 2.4). In particular, impor-
tant working analytical characteristics of the biosensors
based on these methods are value of response to the sub-
strate saturation concentration (2 mM), entire response
time and linear working range. As seen from Table 1, the
results of adsorption on silicalite are no worse, sometimes
are even better, than the results of enzyme immobiliza-
tion by other methods. However, it is noteworthy that the
procedure of urease immobilization in GA vapor was spe-
cially adapted to our transducers. Other techniques were
performed according to the related literature with mini-
mal adaptation. As seen, the closest to urease adsorption
were the results of enzyme immobilization in GA vapor;
this is why this method was used for further comparison.

3.5 Reproducibility and Operational Stability of
Biosensor Signal

Reproducibility and operational stability are important
working characteristics of biosensors. To determine signal
reproducibility, the biosensors responses to the saturation
concentration of urea (2 mM) were measured during one
working day with 10–15-min intervals, the sensors being
kept in the continuously stirred buffer all the time be-
tween measurements. An error (relative standard devia-
tion) of urea measurement was about 4% for both types
of biosensors (the biosensor based on adsorbed urease
and biosensor based on urease immobilized in GA
vapor). The error of 4% is considered to be quite accept-
able, so theoretically both types of biosensors can be used
for urea determination in assays of blood plasma and di-
alysate.

A common disadvantage of biosensors with adsorbed
enzymes is gradual wash-out of the latter into working so-

lution due to weak binding between enzyme and adsorb-
ent. An important stage in our work was investigation of
stability of the developed biosensor during several days.
For comparison were used the results on operational sta-
bility of the biosensor based on urease immobilized in sa-
turated GA vapor. During the experiment, the transduc-
ers with adsorbed and cross-linked urease were stored
dry at 4 8C. The response standard relative deviation was
4.5 % for both the biosensor based on adsorbed urease
and that based on urease immobilized in GA vapor
(Figure 6). During 10 days the responses decreased to
90% of initial value; thus, biosensor stability is the same
or better than reported in previous works on conducto-
metric urease biosensors [15–17].

3.6 Biosensor Inter-reproducibility

Inter-reproducibility of preparation of biosensors is im-
portant for biosensor standardization, therefore, this pa-
rameter was checked for the biosensor based on adsorbed
urease and compared with that of biosensor based on
urease immobilized in GA. The experiments were carried
out as follows: several clean electrodes were double dip-
coated with silicalite, then urease was adsorbed and two-
three responses to the substrate (saturation concentra-
tion) were measured. Next, enzyme and silicalite were re-

Table 1. Comparison of conductometric urease biosensors based on different methods of immobilization. Lower limit of the linear
range is also a detection limit of urea determination.

Type of urease immobilization Biosensor response to 2 mM urea (mS) Response time (min) Linear working range (mM)

Adsorption on silicalite 41 3–4 5–850
Glutaraldehyde vapor 30 4 8–900
Glutaraldehyde drop 34 5–6 4–850
Adsorption on nitrocellulose 18 3–4 8–900
Photopolymerization in PVA/SbQ 13 4 9–650

Fig. 6. Operational stability of biosensors based on urease, ad-
sorbed on silicalite (1) and immobilized in GA vapor (2). Meas-
urements were conducted in 5 mM phosphate buffer, pH 6.5,
urea concentration was 2 mM.
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moved from the transducers with spirit-wetted cotton,
and entire procedure was repeated 5–8 times. In analo-
gous way was studied inter-reproducibility of biosensors
based on urease, immobilized in GA saturated vapor ac-
cording to the technique described in Section 2.4.2. As
seen in Figure 7, the inter-reproducibility error (relative
standard deviation) for biosensors based on adsorbed
urease was 9% while for biosensors with covalently im-
mobilized urease – 22 %. The reason of substantially
lower dispersion of responses at adsorption can be a con-
siderably weaker dependence of enzyme adsorption on
environmental conditions, if compared with immobiliza-
tion in GA vapor. Besides, the procedure of adsorption is
more controllable than immobilization in GA vapor.

4 Conclusions

In this work, we introduced a new method of urease im-
mobilization, adsorption on silicalite, and compared this
method with conventional methods of urease immobiliza-
tion. The results of adsorption on silicalite were never
worse, sometimes were even better, than the results of
enzyme immobilization by other methods. We optimized
the conditions of urease adsorption on silicalite and plot-
ted the dependence of the biosensor response on pH and
ionic strength of the working solution. It was shown that
the method of urease adsorption on silicalite is simple
and quick. It does not involve any toxic reagents and is
repeatable. In addition, the biosensor intra- and inter-re-
producibility and operational stability were studied. Con-
sequently, characteristics of the biosensor based on ad-
sorbed urease give the opportunity to standardize biosen-
sor production.
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