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Abstract. Conductometric biosensors based on urease and glucose oxidase immobilized with dif-
ferent types of zeolites have been investigated and compared. For this purpose, zeolite A, zeolite Y,
Silicalite-1 (spherical), Silicalite-2, H+Beta 300, H+Beta 150 and NH,+Beta 25 were compared as
potential carriers for enzyme immobilization. The parameters to obtain optimized biosensor per-
formance were studied by investigating the percentage of zeolite in membrane, immobilization time
in glutaraldehyde vapor and pH of the environment. Different zeolite types resulted in different en-
zymatic responses. In particular, we have demonstrated that the urease immobilized on silicalite-2
had better performance than immobilized urease without zeolite. Conductometric biosensor with
glucose oxidase immobilized with NH,+Beta 25 zeolite had similar response values compared with
immobilised enzyme without zeolite. The results obtained show that zeolites could be used as alter-
natives for enzyme immobilization in conductometric biosensors development.
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MOTEHUIVHICTh BUKOPUCTAHHSA IEOJITIB JIJ11 IMMOBLII3AIIIl ®EPMEHTIB
B KOHAYKTOMETPUYHUNX BIOCEHCOPAX

Ecin Coii, Bixmopia Ilcmxoea, Basenmuna Apxunosa, bacma Xaodpo, Hixoav /[capgppesik-Peno,
Aavoepm Caxkrko, Cepeiti /[3adeeuy, Bypoxcy Axama

AHoTanis. B po0oTi 1ocigkeHo Ta MOPiBHIHO KOHIYKTOMETPUYHi 0i0oCEHCOPY Ha OCHOBI (hep-
MEHTIB ypea3! Ta IJIIOKO300KCHIa31, iMMOOITi30BaHUX 3 PI3HUMM TUITAMU LI€OJITiB. IS IbOro
3 METOIO BUBUEHHSI MOTEHLiaTy iX BUKOPUCTAHHS SIK OCHOBM JJIs1 iMMOOifi3allii (hoepMeHTIB OyJ10
MOPiBHSIHO HACTYITHiI MaTepiaiu: ueoJiit A, ueomiT Y, cimikanit-1 (cepuunuit), cimikait-2,
H+Beta 300, H+Beta 150 Ta NH,+Beta 25. by;io BuB4€HO ITapaMeTpH U1l OTPUMAHHS OTITUMaJTh-
HUX XapaKTepUCTUK 610CEHCOPIB, a caMe MPOILEHT LIEOIiTiB B MEMOpaHi, yac iMMOO0iTi3allii B mapax
rJTyTapoBoro anpaerina tTa pH cepenoBuina. OTpruMaHO pe3yabTaT MO BILUIMBY Pi3HUX LIEOMITiB Ha
pi3Hi hepMeHTaTUBHI peakllii, HampuKJjaa 0yJIo mokasaHo, 1110 ypeas3a, iMMo0iJli3oBaHa 3 CuTliKali-
TOM-2, TEMOHCTpYBaJia Kpallli XapaKTepUCTUKHU 3a ypeazy 6e3 11eoiTy. KoHaykTroMeTpuuHuii 6io-
CEHCOP 3 IIIOKO300KCH1a3010, iMMOOGiTi3oBaHoI0 3 eositoM NH, +Beta 25 MaB momiOHi Benmyu-
HY BiATYKiB Y ITOPiBHAHHI 3 iIMMOOiTi30BaHUM (pepMEHTOM 0€3 LIEOTiTy. 3 OTPUMaHMX PE3YJIbTaTIiB
MO>XHa 3pOOMTH BMCHOBOK, 11O LIEOJIiITM MOXYTh OYyTH BUKOPUCTAHI SIK aJI-TEPHATUBHI HOCIT 151
iMMOOiTi3allii (hepMEHTIB MPU pO3p0OILi KOHIYKTOMETPUUYHUX OI0OCEHCOPIB.

Ki10490Bi ci1oBa: KOHIyKTOMETPpUYHMIA Oi0CEHCOP, ypeas3a, III0K0300KCHaa3a, LIEeOoJiT, CUTIKAIIT

BO3MOXHOCTDb ITPUMEHEHNA HEOJIUTOB JUI1 UMMOBNJIN3ALINN ®EPMEHTOB
B KOHAYKTOMETPUYECKHNX BUOCEHCOPAX

Ecun Coii, Buxmopus Ilewixoea, Baisenmuna Apxunoea, bacma Xadpo,
Huxoav JIncagpgppesur-Peno, Arvbepm Caxro, Cepeeii /[3adeeuu, Bypoxucy Axama

Annoranus. B pobote mccienoBaHbl U cCpaBHEHBI KOHIYKTOMETPUYECKNE OMOCEHCOPHI Ha OC-
HOBe (hepMEHTOB ypeas3bl U III0KO300KCHIa3bl, UMMOOMIM30BaHHbBIC 3 PA3IMYHBIMU TUIIAMM 1Ie-
OJIUTIB. [J1s1 3TOrO C 1LIeJbl0 U3yYeHHUs BO3MOXHOCTE! X MPUMEHEHHS B KaueCTBE MaTPULIbL IS
MMMOOMIM3alNKU (DepPMEHTOB CPAaBHUBAIUCH CASAYIOIINE MaTepUaIbl: LICOJUT A, LICOJUT Y, CUI-
Kanut-1 (chepuuecknit), cummkanur-2, H+Beta 300, H+Beta 150 u NH,+Beta 25. bbiiu uszy4yeHst
napaMeTphl VISl TTOIYYEHUST ONITUMAJIbHBIX XapaKTepUCTK OMOCEHCOPOB, a UMEHHO IIPOIIEHT 1ie-
OJIUTOB B MeMOpaHe, BpeMsi UMMOOMIM3alliy B Mapax IIyTapoBoro anbaeruga u pH cpeapl. bouin
MOJIyYeHBI Pe3YJIBTaThI 110 BIMSHMIO Pa3HBIX LIEOJIMTOB Ha pa3InyHble (DepMEHTaTUBHBIE peaKIInu,
HaIpuMep, IoKa3aHo, YTO ypea3a, UMMOOWIN30BaHHAS C CUIUKAIUTOM-2, I€MOHCTPUPYET JIy4-
ILIMe XapaKTepUCTUKU YeM ypeas3a 0e3 1eonnTa. KoHayKToMeTpuuecKuii 0MOCEHCOP 3 INIFOKO300K-
CHIa30i, UMMOOMIN30BaHHOM ¢ neoautoM NH, +Beta 25 umen noaoOHbie BETUYUHBI OTKIMKOB
110 CPaBHEHUIO C UMMOOMIM30BAaHHBIM (pepMeHTOM 0e3 lieosnTa. M3 mojrydeHHBIX pe3yIbTaToB
MOKHa CIIeJIaTh BBIBOJ, YTO LIEOJUTHI MOT'YT OBITh MCIIOJIb30BaHbI B KAUECTBE aIbTepHATUBHBIX HO-
cUTelIeil (hepMEHTOB IIPU pa3padOTKe KOHIYKTOMETPUYECKHUX OMOCEHCOPOB.

KimoueBble cJ10Ba: KOHIYKTOMETPUYECKUIT OMOCEHCOP, ypeasa, III0OKO300KCHIa3a, 1IEOJIUT, CU-
JIUKAJIUAT

1. Introduction

Research and development in biosensors have
gained increasing importance in the last few years
for their advantageous properties as analytical tools,
namely the simplicity of use, potential miniaturiza-
tion, portability and low cost, in comparison with
well-established lab-based methods. Nowadays it

is well established that the performance of biosen-
sors depends greatly on the influence imposed on
biomolecules by the immobilization technique. Im-
mobilization is the key-step in biosensor construc-
tion, but, regardless their peculiar advantages, the
conventional methods for biomolecule immobiliza-
tion (physical adsorption, covalent binding, cross-
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linkings and entrapment in gels or membranes)
have, in general, low reproducibility and poor spa-
tially controlled deposition, a crucial problem for
the development of commercial miniaturized bio-
sensors [1]. In this context, the use of nanomateri-
als for the construction of biosensing devices con-
stitutes one of the most exciting approaches. The
extremely promising prospects of these devices ac-
crue from the unique properties of nanomaterials,
i.e., high surface area, local chemical environment,
tailorable surface groups.

Application of nanomaterials in biosensors al-
lows the use of many new signal transduction tech-
nologies in their manufacture. Nanomaterials can
be used in a variety of electrochemical biosensing
schemes thereby enhancing the performance of
these devices and opening new horizons in their ap-
plications.

The success of immobilization of enzymes de-
pends strongly on the properties of the carriers
employed. The carrier material should have a high
capacity to bind enzyme, should be mechanically
stable and must not have reduced the enzymatic
activity. The organic supports like polymers lead
to a number of problems such as poor stability and
disposal issues [2]. In contrast, inorganic materials
such as silica and alumina are thermally and me-
chanically stable and strong [3, 4].

Among different alternatives for carriers, zeolites
have been showing great promise as carriers, due to
their increased surface areca, tunable hydrophilic/
hydrophobic properties and Bronsted acidity by
controlling the Si/Al ratio as well as their thermal
and mechanical stabilities [5-10]. In this way higher
stability and increased activity of the enzyme can
be obtained. Accordingly, zeolite Y and silicalite are
the commonly used potential carriers for immobi-
lization of different types of proteins like lipase [11,
12], albumin [13], and trypsin [14] in biotechno-
logical processes. In such studies, which used zeo-
lites as potential carriers for enzyme immobiliza-
tions, higher stability, reusability, and productivity
were observed.

Conductometric biosensors are based on the fact
that almost all enzymatic reactions involve either
consumption or production of charged species and,
therefore, lead to a global change in the ionic com-
position of the tested sample [15]. Biosensors based
on the conductometric principle present a number
of advantages: a) thin-film electrodes are suitable
for miniaturisation and large scale production us-
ing inexpensive technology, b) they do not require

30

any reference electrode, c) transducers are not light
sensitive, d) the driving voltage can be sufficiently
low to decrease significantly the power consump-
tion, e) large spectrum of compounds of different
nature can be determined on the basis of various re-
actions and mechanisms.

In the case of the urea assay, resulting conduc-
tivity changes are produced by enzymatically cata-
lyzed hydrolysis of the substrate:

H2N\ Urease
_ C=0+2H,0+H

H,N

2NH, +HCO;

while for glucose these are due to the dissociation of
gluconic acid produced as a result of the enzymatic
oxidation of glucose according to the scheme:

Glucose
oxidase

B-D-glucose + O, + H,0 D-glucono-8-lactone + H,0,

I

D-gluconate + H

In the current study, the use of zeolites for en-
zyme immobilization in conductometric biosensors
based on urease and glucose oxidase was tested for
the first time.

2. Materials and methods

2. 1. Materials. The frozen-dried preparations of
enzymes used in the experiments were as follows:
glucose oxidase (GOD) from Penicillium vitale (EC
1.1.3.4) with activity of 130 U/mg from Diagnos-
ticum (L'viv, Ukraine); urease from soybeans (EC
3.5.1.5, type B) with activity of 22 U/mg from Sig-
ma-Aldrich Chemie. Bovine serum albumin (BSA)
(V fraction) and 50 % aqueous solution of glutar-
aldehyde (GA) were obtained from Sigma-Aldrich
Chemie. Glucose and urea were used as a substrate
and analyzed substance, potassium-phosphate so-
lution (KH,P0,-NaOH), pH 7.2 from Merck was
used as a buffer. Other non-organic compounds
were of analytical grade.

Commercial samples of zeolite Y, zeolite NH -
Beta-25 (Si/Al ratio of 12.5), H-Beta-150 (Si/Al
ratio of 75) and H-Beta-300 (Si/Al ratio of 150)
were obtained from Sud-Chemie (USA). Zeolite A
(cubic) and two silicalite samples with two differ-
ent particle sizes (Silicalite-1 is around 800 nm and
Silicalite-2 is around 350-400 nm) were synthesized
in Middle East Technical University, Micro and
Nanotechnology Department (Turkey).
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2.2. Synthesis of zeolites and silicalite. Zeolite
and silicalite particles were hydrothermally syn-
thesized according to Table 1 and detailed syn-
thetic conditions and reagents are listed. All the
reagents were chemically or analytically pure and

used without any purification. The particle size
and Si/Al ratios of zeolite crystals were deter-
mined using scanning electron microscope (SEM)
and energy dispersive X-ray spectrometer (EDS)
and listed in Table 2.

Table 1
List of zeolite samples and their synthesis procedures
Zeolite Type Chemical Composition of Gel Tem%)oecr?ture Cr)f[%tr?qlgz(it)lon
Zeolite A 11.255i0,:1.8A1.0.:13.4(TMA)_0:0.6Na,0:700H0. 60 24
Zeolite Y Commercial - -
Silicalite 2 ITPAOH:4TEOS:350 H,O 125 18
Silicalite 1 ITPAOH:5TEOS:500H,0 175 6
H+Beta 300 Commercial - -
H+Beta 150 Commercial - -
NH,+Beta 25 Commercial - -
Table 2 with BSA instead of enzymes was used for the ref-
Particle size, surface area anq Si/Al ratio of synthesized  erence membrane. Immobilization was carried out
zeolites after deposition of 0.5uL of each solution on each
Particle | Pore Size* Si/Al Ratio electrode pair and then exposure to GA vapor. The
Size (E) protein content was the same in both membranes.
Zeolite A ~250 nm 0.41 ~ 1,35 Before usage, the sensors were dried in the air at
Sziﬁg:ltiieYz lj(;g 5:; 0 52;‘8 56 NNii? ambient temperature for 10 min and then were ex-
Silicalite 1 200nm 1 0.53x056 | No Al posed to the working buffer solution.
H=+Beta 300 1-2 pm 7 6x64 ~150 In the case of enzyme immobilization with zeo-
H+Beta 150 | 1.53um | 7.6x6.4 ~75 lites, the zeolites were prepared and added to the
NH,+Beta25| 1-3pum 76x6.4 ~12.5 immobilization mixture with different concentra-

*Taken from http://www.iza-structure.org/databases/

The morphology of particles of investigated zeo-
lites are shown in Fig. 1. According to their SEM
images as seen in Figures 1 and X-ray diffractions
(XRD-not shown), all of the samples were well
crystallized.

2.3 Sensor design. The conductometric trans-
ducers were produced according to our recom-
mendations in Lashkarev Institute of Semiconduc-
tor Physics of National Academy of Sciences of
Ukraine (Kyiv, Ukraine). They were consisted of
two identical pairs of gold interdigitated electrodes
made by gold vacuum evaporation onto pyrocer-
amic substrate (5 x 40 mm). The surface of sensitive
area of each electrode pair was about 1.0 x 1.5 mm.
The width of each of interdigital spaces and digits
was 20 um.

2.4 Bioselective membrane production. The solu-
tion consisting of enzyme in 20 mM phosphate buf-
fer, pH 7.2, with 10% glycerol was used to produce
the working membrane, while the same mixture

tions.

2.5 The measurement procedure. The measure-
ments were carried out in an open cell at room tem-
perature. The 10 mM phosphate buffer or universal
buffer at different pH values were intensively stirred.
The necessary substrate concentration in the work-
ing buffer was achieved by adding given portions of
the stock substrate solution. The experiments were
repeated at least three times sequentially. The effect
of nonspecific variations of output signal owing to
temperature and pH changes and electric interfer-
ences was avoided by operating in the differential
mode.

3. Results and discussion

3. 1 Response time of the biosensors

A typical dependence of the conductometric bi-
osensor response on the time after glucose additions
isshown in Fig. 2. After the biosensor reached a sta-
ble baseline in blank phosphate buffer solution, in-
jection of glucose stock solutions caused significant
sensor response, which resulted from subsequent
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Fig. 1. Microphotography of particles of inves-
tigated zeolites: Silicalite-1 (a), Silicalite-2 (b),
H+Beta 300 (c), H+Beta 150 (d), NH,+Beta
25 (e), zeolite A (f), zeolite Y (g)
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local increasing of concentration of ionic species
inside the membrane. As can be seen the biosen-
sor steady-state response times i.e., times necessary
to reach 90 % of the steady-state amplitude were
about 1-2 min.

84
6 -
)]
=
o 44
(2]
C
o
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n
[0)
X 24
0
T T T T 1
0 1 2 3
Time, min

Fig. 2: A typical response curves of conductometric bio-
sensor based on glucose oxidase using Silicalite-1 for 1
mM (1) and 0.6 mM (2) glucose. Measurements were
conducted in 10 mM phosphate buffer, pH 7.4

3.2 Effect of zeolite loading. Initially the effect of
the zeolite loading in immobilisation mixture on
biosensor response to 0.2 mM glucose was investi-
gated. Different concentrations of Silicalite-2 in
the membrane were tested to optimise the amount
of zeolite loading with the sensor response (Fig. 3).
The responses of biosensors with 5% zeolites were
low compared to responses with lower concentration
of zeolites. The level of saturation of biosensors also
differs depending on concentration of zeolites in the
membranes. The biosensors utilizing 0.5% zeolite
loadings were used for further experimental work.

3.3 Effect of exposure time to GA vapour. In order
to determine the effect of cross-linking time for the
enzyme, electrodes were kept in GA vapour for dif-
ferent times. As seen in Fig. 4 for zeolite A, a 25
minute exposure time in GA vapour was observed
to lead to the highest response and thus the opti-
mum time for cross-linking of urease. In fact, if the
exposure time is kept short for immobilization, en-
zyme leakage through the membrane can take place
because of insufficient bonding. This would lead to
poor stability of the biosensors and the response of
the sensors are observed to decrease accordingnly.
On the other hand, if the exposure time for im-
mobilization is longer than the optimum value, a
decrease of response was observed. This can be re-
lated to the formation of a large number of bonds

between glutaraldehyde and the enzyme molecules,
which leads to strong membrane. Thus the active
site of the enzyme can be inaccessible.

2,5

2,0

Response, uS

0,5 1

0,0 ; . ; . ; . ;
0 0,05 05 5

Zeolites in membrane, %

Fig. 3. The dependence of responses of glucose biosen-
sors on weight percent of zeolite (Silicalite 2) in mem-
branes. Membrane composition: 5%GOD, 5%BSA, 20
mM PBS, pH 7,2, 10% Glycerin

0,8 1

0,6

Response, uS
o
SN
1

k=
N
1

0,0

T T T T T T T T T
10 20 30 40 50

Glutaraldehyde vapour incubation, min

Fig. 4. The dependence of responses of conductomet-
ric biosensors on cross-linking time in glutaraldehyde
vapour for urease and zeolite A in biosensor mem-
branes

3.4 Effect of pH on biosensor response. It is well
known that the choice of buffer may influence the
enzyme activity. The most commonly used buffer in
similar systems is phosphate solution. Fig. 5 shows
the variation of the response at different pH values
in the carrier solution. It can be seen that an opti-
mum for the sensor response was observed using the
solution with pH 7.5.

3.5 Effect of the zeolite nature on biosensor re-
sponse. As seen on Fig. 6, urease with silicalite-2
showed the highest response compared to other
zeolites and also higher than the urease immobi-
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lized without zeolite. Silicalite-2 has no aluminum,
and thus it is the most hydrophobic material among
all samples investigated. Furthermore, zeolite Y
showed slightly higher response than zeolite A. This
may be related to the relatively higher pore size and
Si/Al ratio and surface area of zeolite Y with respect
to zeolite A crystals.

1,0 5

0,84

o
[}
1

Response, uS
o
~
1

0,24

0,0 T T T T T T T T T T T T T
5 6 7 8 9 10

pH of phosphate buffer

Fig. 5. The dependence of responses of conductomet-
ric biosensors on pH for urease and zeolite A in mem-
branes
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0+ - . . . . . . . . .
0,0 0,2 0,4 0,6 0,8 1,0
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Fig. 6. Calibration curves for urea determination for ure-
ase immobilized with silicalite-2 (1), without zeolite (2),
zeolite Y (3), and zeolite A (4)

The calibration curves of the laboratory proto-
types of conductometric biosensors based on glu-
cose oxidase without zeolite and with various zeo-
lites are shown in Fig. 7. The linear dynamic range
of glucose determination was until 1-1.5 mM in 10
mM phosphate buffer solution with the detection
limit of 200 nM. Analysis of working characteris-
tics of developed biosensors demonstrated linear
response to glucose for enzyme immobilized with
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zeolites in almost the same concentration range
as glucose oxidase immobilized without zeolite.
As can be seen, biosensor with GOD immobilized
with NH, +Beta 25 demonstrates the best working
characteristics: low detection limit, high level of re-
sponse, good storage and operational stability.

u
N =

Response, uS
[e-]
1

0 T T T T T T T T T 1
0,0 0,2 04 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0

Glucose, mM

Fig. 7. Calibration curves for glucose determination for
conductometric biosensor based on glucose oxidase im-
mobilized with NH,+Beta 25 (2), Silicalite-1 (3), Sili-
calite-2 (4), H+Beta 300 (5), H+Beta 150 (6) and with-
out zeolite (1)

4. Conclusion

This work discribes a comparative study between
the different parameters of conductometric biosen-
sors based on urease and glucose oxidase immobi-
lized with different types of zeolites. In particular,
we have demonstrated that the urease immobilized
on silicalite-2 had better performance than im-
mobilized urease without zeolite. Conductometric
biosensor with glucose oxidase immobilized with
NH,+Beta 25 zeolite had similar response values
compared to immobilised enzyme without zeolite.
These results suggest that zeolites of different types
can be used as alternatives for enzyme immobiliza-
tion in conductometric biosensors development.
It was shown that different zeolites with different
characteristics lead to different biosensor results.
Thus, it can be hypothesized that different proper-
ties of zeolites, such as their ion exchange behav-
iors, particle sizes, surface groups, pore sizes, and
Si/Al ratios can be tailored in such a way that the
optimum performance from a biosensor can be
achieved upon choosing the right zeolite type and
tuning its characteristic properties. Accordingly, our
future research will focus on to evaluate such zeolite
characteristics in detail for potential development
of the optimum electrodes for desired purposes.
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